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Stability regions of scheelite-related phases at low {top) and high (hottom) pressures. Numerals refer to unknown phases.
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EPITAXIAL LAYERS ON
OXIDATION-SENSITIVE SUBSTRATES AND
METHOD OF PRODUCING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. application Ser.
No. 11/962,890, filed on Dec. 21, 2007, now pending, the
entire disclosure of which 1s incorporated herein by reference,
which 1s a continuation of U.S. application Ser. No. 11/425,
406, filed on Jun. 21, 2006, the entire disclosure of which 1s
incorporated herein by reference, which 1s a divisional of U.S.
application Ser. No. 10/997,014, filed on Nov. 24, 2004, now
U.S. Pat. No. 7,208,044, 1ssued Apr. 24, 2007, the entire
disclosure of which 1s incorporated herein by reference. Pri-
ority to these applications 1s claimed.

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

Not applicable.

TECHNICAL FIELD

This mvention relates generally to barrier layers used in
clectromagnetic and other device structures and methods of
forming such, and more specifically to the provision of epi-
taxial, textured, crystalline, or polycrystalline oxide layers on
surtaces for which 1t may be difficult to fabricate such layers.

BACKGROUND OF THE INVENTION

The manufacture of a great variety of electromagnetic and
optical devices 1s based upon thin film technology. A succes-
s1on of layers having various functionality are deposited on a
planar substrate surface, one on top of another. Each 1s pat-
terned 1n some manner, resulting 1n a complex three-dimen-
sional device such as an mtegrated circuit. It 1s this technol-
ogy, called metal-oxide-semiconductor (MOS) 1n the case of
its use on doped silicon, that has enabled the computer revo-
lution of the late 20th century, which continues today.
Another example of thin film technology 1s the current etfort
to develop superconducting power transmission cables, using
the coated-conductor technique. Thin films are also usetul on
substrates that are non-planar surfaces, such as their use as
templates for oxide environmental barriers on three-dimen-
sional objects.

There exists a wide array of crystalline oxide materials that
have special or exceptional properties, and that are highly
desirable as functional layers in thin-film devices. These
properties include colossal magnetoresistance, ferroelectric-
ity, superconductivity, very low thermal conductivity, and
high dielectric constant, and many others.

Two major difficulties exist with the integration of these
materials. First, most of these functional materials are oxides.
And, as 1t turns out, the materials commonly or most conve-
niently used as a flat substrate surface are often sensitive to
reaction with oxygen, such as silicon, galllum arsenide,
nickel, or copper. The functional material components may be
reactive with the substrate 1n other manners as well. Thus, 1t 1s
extremely difficult to deposit highly-desirable functional
oxides directly on these substrate surfaces. Barrier layers,
used to block oxygen or other 1onic interaction with the sub-
strate, are used 1n many 1nstances with success, although they
are often complicated. Therefore more economical solutions
are desirable.
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The second difficulty 1s the need for crystalline templating.
A large proportion of these functional oxides are most pret-

erably deposited as a single-crystal-like film. That 1s, the
crystalline material of the having a particular crystalline ori-
entation and texture. The substrates used for deposition are
frequently monocrystalline (e.g., silicon) or monocrystal-like
(epitaxial, fiber-textured platinum, biaxially textured nickel),
although polycrystalline surfaces are also {frequently
employed. If 1t was possible to deposit functional oxides
directly on substrates, this substrate crystallinity could be
used to encourage their growth 1n a single-crystal-like form.,
1.€., epitaxial growth. Epitaxial growth of functional oxides 1s
routinely conducted, but usually only on oxide surfaces. Due
to oxidation sensitivity of non-oxide substrates, epitaxial
growth 1s prohibited 1n all cases but those with the most
stringent growth conditions, and then for only a few specific
systems.

These two difliculties can be addressed individually with
reasonable success, but a method that addresses both of these
difficulties concurrently 1s elusive. Barrier layers can be used,
but are typically not single-crystal-like, being either amor-
phous (glassy) or polycrystalline. The growth of single-crys-
talline oxides directly on these substrates 1s exceedingly dii-
ficult.

This mvention addresses this problem directly. It discloses
a method, compositions, and the resulting devices for the
fabrication of single-crystal-like oxide layers on oxidation-
sensitive substrates, whether fabricated by the disclosed
method or another. Moreover, the method 1s straightforward,
and can be performed with far less difliculty than that encoun-
tered 1n direct growth of oxides on such substrates. Devices,
optimally fabricated by the method, and using compositions
optimal for an application, provide a templating surface that
can be treated 1n essentially the same manner as a crystalline
oxide surface. Templating 1s transmitted from the substrate to
the film surface, and oxygen interaction with the substrate 1s
blocked. Thus, the growth of functional oxides 1s made
straightforward, which then can be conducted 1n essentially
the same manner as 1s routinely used for their deposition on
monocrystalline oxide substrates.

As an added benefit, an oxide film that the use of this
method provides may also be a functional oxide 1 and of
itself. In cases such as this, the complexity of the fabrication
process 1s further reduced.

SUMMARY OF THE INVENTION

In one embodiment of the present invention, a method of
fabricating a metal oxide film upon a surface 1s provided. A
substrate having a surface 1s provided. A crystalline metal-
nonmetal precursor film 1s deposited on the surface via a
physical vapor deposition method. The precursor film com-
prises metal and nonmetal constituents. The metal constitu-
ents of the precursor film are selected from the group consist-
ing of the lanthanide elements (Ln): Sc,Y, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, and combinations,
alloys, and doped substituents thereof. The nonmetal con-
stituents of the precursor film are selected from the group
consistingof: H,C,N, F, P, S, Cl, Se, Br, Te, and combinations
thereol. The precursor film 1s oxidized to yield a metal-oxide
product film by heating to a temperature between 0 and 1000°
C. 1n a controlled environment and introducing an oxidizing
agent into the environment. The metal constituents of the
product {ilm are those of the precursor film. A majority of the
nonmetal constituents of the precursor film are exchanged for
oxygen to yield the product film. The product film 1s topotac-
tic with the precursor film.
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In another embodiment of the present invention, a func-
tional laminate structure 1s provided. The structure includes a

substrate having a surface, a crystalline metal-nonmetal layer,
and a crystalline metal-oxide layer. The metal-nonmetal 1s
selected from the group consisting of AX,, 5, AX, AX,, AX,,
and compounds consisting of combinations of said materials.
The metal-oxide layer 1s topotactic with said metal-nonmetal
layer. The metal constituents of the metal-oxide layer are
those of the metal-nonmetal layer. The metal-nonmetal layer
1s located between the surface and the metal-oxide layer.

In yet another embodiment of the present invention, a
functional laminate structure i1s provided. The structure
includes a substrate having a surface, a crystalline metal-
nonmetal layer, and a crystalline metal-oxide layer. The
metal-nonmetal 1s selected from the group consisting of:
ABX,, A B X, ., doped substituents thereof, anmion-defi-
cient versions thereot, and anion-excess versions thereot. The
metal-oxide layer 1s topotactic with said metal-nonmetal
layer. The metal constituents of the metal-oxide layer are
those of the metal-nonmetal layer. The metal-oxide 1s
selected from the group consisting of ABO,, A B O, ..,
doped substituents thereol, amon-deficient versions thereof,
and anion-excess versions thereol. The metal-nonmetal layer

1s located between the surface and the metal-oxide layer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a high-resolution transmission electron micro-
scope 1mage of a TbO_ crystal down the [211] - ax1s, demon-
strating the coexistence and topotactic compatibility of the
different-m members of the homologous series Ln, O, .

FIG. 2A 1s a high-resolution transmission electron micro-
scope 1image of a PrO_ crystal, demonstrating the coexistence

and topotactic compatibility of the different-m members of
the homologous series Ln, O, .

FI1G. 2B 1s a digital diffraction pattern of a PrO,_ crystal of
the single phase area labeled A 1n FIG. 2A, showing a com-
mon <110>. sublattice with the same orientation.

FI1G. 2C 1s a digital diffraction pattern of a PrO_ crystal of
the single phase area labeled B in FIG. 2B, showing a com-
mon <110>.. sublattice with the same orientation.

FIG. 2D 1s a dagital diffraction pattern of a PrO_ crystal of
the single phase area labeled C 1n FIG. 2C, showing a com-
mon <110>.. sublattice with the same ornientation.

FIG. 2FE 1s a digital diffraction pattern of a PrO_ crystal
taken from a small region of the phase area labeled B 1n FIG.
2C.

FIG. 3 1s a stability diagram for polymorphic forms of
Ln,O,, showing that the C-type form 1s observed at room
temperature for all Ln,O,.

FI1G. 4 1s x-ray diffraction data showing topotactic trans-
formation of (100) TiN/(100) S1to (110) T10,/(100) S1 with
low texture quality. The 0-20 pattern demonstrates the pres-
ence of only the described orientations and phases 1n the same
film before and after transformation, and the pole figures
demonstrate the textural quality of the TiO, film, which 1s
poor due to the mosaic and porosity caused by the change in
lattice dimension upon anion exchange, but 1s still topotactic.

FIG. 5 1s x-ray diffraction data showing topotactic trans-
formation of (100) (Zr,Y)N/(100),. Ni to (100) (Zr,Y)O,/
(100),. Niwith low texture quality. The scans show only the
presence ol 001-oriented material. Transformation-induced
mosaic texture of the (Zr,Y)O, film 1s 4.8° out-ot-plane, and
11° in-plane.

FIG. 6 A 1s a cross-sectional transmission electron micro-
scope 1mage of the full film thickness, showing the interface

between (Zr,Y )N and (Zr,Y )O.,.
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FIG. 6B 1s a high-resolution transmission electron micro-
scope image of the interface between (7Zr,Y)N and (Zr,Y)O,,
and diffraction patterns of the same area, demonstrating topo-
taxy.

FIG. 6C 1s an electron ditfraction pattern of the (Zr,Y)O,,
demonstrating topotaxy with the (Zr,Y)N.

FIG. 6D 1s an electron diffraction pattern of the (Zr,Y )N 1n
the same area, demonstrating topotaxy.

FI1G. 7 are unit cells of rocksalt-type, C-type (bixbyite), and

fluorite-type lanthanide oxides. The common structural ele-
ment, an FCC cation sublattice, 1s clear 1n the images. Dark
circles are Ln, white oxygen. The structures differ only 1n the
distribution of the oxygen 1ons.

FIG. 8 shows the crystal structures of Ln,O, and LnQO.,.
C-type and fluorite-type LnO_ are amenable to the topotactic
anion exchange method, but A-type and B-type Ln,O, are
not.

FIG. 9 demonstrates the multitude of monoclinic and other
complex unit cells for Ln_O,, ., are all based on a nearly
undistorted cation sublattice, as demonstrated here by the
superposition of several monoclinic unit cells over a mesh of
FCC cations, viewed here along <110>.

FIG. 10 1s a plot of the lattice parameter of several
Ln_ O, _ ,showing that transformation between the phases
1s smooth, with no sharp changes 1n lattice dimension that
would 1induce dislocations, pores, or cracking, demonstrated
here for Pr_ O, _ (a subset of the Ln_O, ., homologous
SEries).

FIG. 11 1s a plot of the lattice parameter of the pseudocubic
subcell of numerous Ln.M,O.. The fit to several typical
substrates 1s also shown.

FIG. 12 1s the structure of EuWO,, exhibiting the scheelite
structure. The cation lattice 1s FCC, alternating Fu and W
along <110>. Tetrahedra are W, with oxygen at apices, and
circles are Eu.

FIG. 13 1s the observed LnTrO, crystal structures. Those
having fergusonite, wolframite, or scheelite structures have
FCC or shightly distorted FCC cation sublattices, and are
amenable to topotactic anion exchange.

FIG. 14 1s a plot of the lattice parameter of the pseudocubic
subcell of LnO._. The fit to several typical substrates 1s also
shown.

FIG. 15 1s a plot of the lattice parameter of the pseudocubic
subcell of numerous LnX, . The fitto several typical substrates
along a structurally-compatible axis 1s also shown.

FIG. 16 1s a plot of the change 1n lattice parameter of the
pseudocubic subcell of numerous LnO_ upon topotactic con-
version from LnX_..

FIG. 17 1s a plot of the relative change 1n lattice parameter
of the pseudocubic subcell of numerous LnO_upon topotactic
conversion from LnX, .

FIG. 18 15 a plot of the lattice parameter of the pseudocubic
subcell of CeO,-Ln,0, alloys, demonstrating the continu-
ously variable range of lattice parameters achievable using
the approach. Most of the two-phase regions are topotacti-
cally compatible.

FIG. 19 1s a plot of the lattice parameter of the pseudocubic
subcell of ZrO,-Ln,0O, alloys, demonstrating the continu-
ously variable range of lattice parameters achievable using
the approach. Most of the two-phase regions are topotacti-
cally compatible.

FIG. 20 1s a plot of the change 1n electrical conductance
with temperature for reduced CeQ,. Electronic defects are
relaxed after anneal. This type of measurement 1s ideal for
determining the temperature appropriate for topotactic anion
exchange for a given system.
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FIG. 21 1s an abbreviated plot of formation energies for
some L.nO_, 1n comparison to common oxides. They are simi-

lar 1n this respect to calcium or aluminum.

FIGS. 22A and 22B are exemplary descriptions of device
structures. A lanthanide salt precursor can be deposited on a
surface that 1s epitaxial, biaxially textured, fiber textured,
amorphous, or polycrystalline. The precursor can be partially
or Tully converted, or an oxide-salt alloy can be deposited and
either converted or used as deposited. The cationic constitu-
ents can be lanthanide(s), or a mixture of lanthanide(s) with
other metal(s). Abbreviations 1n the figure are as follows:
amorph-amorphous, biax-biaxially textured, epi-epitaxial,
fiber-fiber textured, L.n-lanthanide or lanthanides, M-metal or
metals, polyx-polycrystalline, single xtal-monocrystalline,
topo-topotactic, X-nonmetal constituent or anion or anions,
xtal-crystalline.

DETAILED DESCRIPTION

Headings in the detailed description are meant solely as a
guide for the reader 1 finding sections of interest, and are not
meant to characterize or to limit the invention in any way.

The focus of this disclosure 1s lanthanide oxide and lan-
thanide-containing oxide thin films, preferably as formed by
the method of topotactic anion exchange. Device fabrication
by this method 1s not known in the art and 1s demonstrated
below. The method enables fabrication of many new devices.
This method and devices fabricated thereby find use as epi-
taxial oxide templates, barrier layers, and various functional
oxide layers.

Lanthanide salts (lanthanide metal-nonmetal compounds)
and lanthanide-containing salts have a specific type of crystal
structure for which the nonmetal components can be
exchanged for oxygen with no disruption of crystalline tex-
ture—the cation lattice 1s undisturbed by the anion exchange,
such that the “product crystals have inherited their orienta-
tions irom the reagent crystals.” That 1s, the product lan-
thanide-oxide 1s topotactic with the precursor lanthanide-
nonmetal; it has an orientation reproducibly related to that of
the precursor, regardless of whether the precursor 1s com-
pletely or partially converted to the oxide. The phenomenon 1s
termed topotactic anion exchange.

Topotactic anion exchange functions in basically the same
manner for lanthanide-containing thin films as for single
crystals, but with additional advantages over single crystals.
Lanthanide-containing salts and oxides exhibiting a face-
centered cubic (FCC) cation sublattice are the most suitable
materials for a topotactic anion exchange process for the
tabrication of oxide thin films. Although two 1solated, seren-
dipitous observations of topotactic anion exchange in transi-
tion metal oxide thin film systems are available 1n the art, such
systems are not suitable for the fabrication of devices having
a high degree of crystalline and microstructural perfection,
and none containing lanthanides have been reported or pro-
posed. Indeed, others 1n the art consider the two mentioned
examples as unique systems. The reduced physical dimension
of thin films and the physical constraint of topotaxy and
enhance the stability of topotactically converted matenals,
such that the range of compositions for which the method 1s
applicable 1s greater than that for bulk and single crystalline
systems, and an infinite variety of alloyed compositions 1s
possible, enabling tailoring of lattice dimension and other
properties for any given application.

A. Overview

This mvention concerns primarily oriented and epitaxial
oxide films on substrates, particularly on substrates that are
sensitive to reaction with elemental constituents of the film. It
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consists of a method and numerous devices which are enabled
by the method. The most significant application for this
method 1s the use of these oxide films as epitaxial oxide
template layers, for the subsequent growth of other oxide
layers on the oxide-templated surface of oxidation-sensitive
substrates, the sensitivity being such that 1t 1s impossible or
very difficult and expensive to deposit epitaxial oxides
directly on the surface of the substrate.

A critical aspect of the method 1s that the precursor to the
barrier layer 1s chosen to be effectively stable 1n contact with
the substrate surface at the time of 1ts deposition. It 1s subse-
quent to the deposition (or at least after the 1mitial stage of 1ts
deposition) that the layer 1s oxidized to yield a layer that 1s
cifectively stable with oriented films deposited thereon,
which can additionally act as an oxide template to control the
orientation of films deposited thereon.

The template films consist of lanthanide oxides, or crystal-
line phases with a major component being a lanthanide oxide.
These template oxide films are fabricated by first depositing
heteroepitaxial precursor films comprising an R—Zr family
metal (scandium, yttrium, zirconium, hainium, and the
proper lanthanide elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Th,
Dy, Ho, Er, Tm, Yb, and Lu), or some combination thereof,
with or without other elements as major constituents). As a
matter of notation, the R—Z7r family of metals 1s hereafter
referred to as a group as “lanthanides™ or by “Ln,” or nonex-
clusively as “cations” or “metal” i the context of compound
constituents, and “nonmetal constituents™ or “anions™ (H, C,
(OH), O, N, F, P, S, Cl, Se, and Br; and Te, or some combi-
nation thereof), are hereafter referred to as a group as the
“anions,” “X,” or the “nonmetal” component, to yield a com-
position LnX , (y indicates the stoichiometry of X relative to
Ln). The substrate surface may be single crystalline (e.g., a
silicon crystal or an epitaxial film on a crystal), biaxially
textured (e.g., nickel), fiber textured (e.g., platinum), poly-
crystalline, or amorphous. The deposited LnX , phase has a
rigid cation sublattice, preferably face-centered cubic (FCC),
which 1s rigid at temperatures below ~1200° C., enabling high
mobilities of anionic species concurrent with retention of
crystalline integrity, texture, and orientation. The LnX  film1s
subsequently exposed at an elevated temperature to an 0xi-
dizing agent, such that the amionic species are replaced
through evaporation and in-diffusion of oxygen, to yield an
epitaxial LnO_ film (z indicates the stoichiometry of oxygen
relative to Ln). The exchange 1s diffusionally topotactic, that
1s, the crystalline lattice 1s maintained, specifically the cation
sublattice, such that the resulting epitaxial LnO_ film has an
orientation and texture related to that of the precursor LnX,
{1lm.

Oxide films may then be deposited under normal condi-
tions directly on the LnO_ template film surface, as they
would on any other oxide substrate. Any subsequent oxida-
tion of the substrate, by oxygen diffusing through the LnO_
during subsequent depositions on its surface may result 1n a
slight, even, and 1nsignificant oxidation of the underlying
substrate, but because the orientation and texture of the film 1s
established prior to this, orientation of the oxide template and
f1lm are unaffected, having already established templating by
the LnO_ surface presented by the template layer. Numerous
devices employing LnO_ as an epitaxial oxide template layer
or as a functional maternal are possible.

While the product LnO_ film will typically be a rocksalt-
structure-based or fluorite-structure-based phase (fluorite,
bixbyite, pyrochlore, scheelite, etc.), it 1s important to note
that the precursor {ilm may also contain oxygen as a compo-
nent, typically 1n solution with other anions, to the degree that
films can be deposited without undesirable reaction with the
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underlying substrate and 1ts surface. This consideration can
reduce the oxygen partial pressure required for deposition of
a templated barrier layer significantly. It 1s also important to
note that an FCC cation sublattice 1s preferred but not neces-
sary for the method. Other oxide phases, such as those with
tace-centered or close-packed slab layers, or with BCC cation
sublattice, having lanthanide(s) as a major component, may
also be possible by the method.

Heteroepitaxial growth, the growth of one phase on a sur-
face of another, 1s widely used to produce films of many
compositions. Heteroepitaxial growth of non-metal films 1s
typically performed using the same or similar anion species in
both substrate and film, for example YBa,Cu,O, films grown
on Sr110,. Difficulty 1s encountered 1n attempts to deposit
films on substrates having differing components. Both kinetic
and thermodynamic limitations exist. Elevated temperatures
are needed to provide sulilicient thermal excitation of metallic
and cationic species to achueve high-quality epitaxial films,
approximately 1n the range of 300-1200° C. At elevated tem-
peratures, anionic species are highly mobile, which can lead
to mtermixing and other 1ssues. The thermodynamic condi-
tions necessary for the formation of the desired phase 1n the
film are often such that the elemental constituents of the film
will react with the substrate as well. That 1s, the substrate 1s
sensitive.

It1s not possible to overcome directly thermodynamic limi-
tations, but 1t 1s possible to side-step the limitation by avoid-
ing direct deposition, frequently pursued in the form of bar-
rier layers. Many complicated layering schemes have been
devised for various combinations of substrate and film com-
position, for which each layer is stable 1n contact with the
layer directly underlying 1t. Such an approach can be cum-
bersome. Multiple depositions incur added expense for pro-
cesses that would potentially incorporate such schemes, and
the use of many different and possibly incompatible schemes
increases process complexity. A simpler method 1s desirable.

The method of this disclosure employs only a single depo-
sition of a barrier layer that 1s chemically stable 1n contact
with the substrate at the time of barrier-layer deposition, and
after a brief oxidation anneal, 1s chemically stable 1n contact
with any epitaxial oxide film deposited thereon at the time of
its deposition. Preferred embodiment devices consist of a
film, containing lanthanide species as (a) major
component(s), present on a crystalline substrate that confers
crystalline orientation and surface mesh characteristics to 1ts
surface, and which can act as an intermediate layer to prevent
reaction of the substrate with the environment or with subse-
quent {1lm layers. In a preferred embodiment, the film has
been partially converted from the precursor such that the
region in contact with the substrate remains stable 1n contact
with the substrate, and the free surface 1s an oxide, suitable for
the deposition of other oxide films. The device 1s used either
as a functional layer 1n a device, or as a surface used for the
deposition of oxide films having other compositions which
are Tunctional layers 1n a device.

The 1nvention relies on the well-known behavior of lan-
thanide oxides to have a rigid cation structure at all tempera-
tures below their melting point, around 2000° C., which 1s
exceptional among oxides. The basal lattice parameter of
lanthamide 1onic salts (lanthanide metal-nonmetal com-
pounds) and oxides are similar. The crystalline lattice 1s not
controlled by oxygen packing, but by a combination of anion
and cation packing. Several lanthamdes also have multiple
oxidation states, and therefore several possible oxide compo-
sitions. The majority of the many different oxide structures
tor single lanthanides are based upon the tluorite and rocksalt
crystal structures, but with differences in oxygen content,
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oxygen vacancy ordering, and slight (1.e., insignificant with
respect to epitaxy) shifts 1n the atomic positions of the cat-
ions. These phases also have appreciable oxygen diffusivities.
But for all of these oxides 1n the solid state, the cations remain
in a rigid face-centered cubic (FCC) structure, with positions
and coordination essentially constant. The majority of multi-
component lanthanide oxides are also FCC-based and behave
in the same manner. Some multi-component lanthanide
oxides have a body-centered cubic (BCC) structure, for
which the cation lattice 1s also rigid. The cation sublattice in
the differently structured lanthanide oxides of A-type, and
B-type structures 1s also rigid, although not FCC.

Lanthanide oxides are not the only materials to exhibit this
behavior. Many LnX  have structures having an FCC cation
sublattice, with rocksalt-based or fluorite-based crystal struc-
tures, and frequently several. These exhibit the same type of
behavior described above for oxides. The structures consistof
a rigid FCC cation sublattice, with anions distributed 1n vari-
ous manners 1n the FCC cation lattice, and anion diffusion
rates are frequently appreciable. Alloy mixtures of many of
these compounds are known.

The commonality between these two types of lanthamde
compounds—{luorite/rocksalt-based oxides, and rocksalt/
fluorite-based salts—is that the cation lattice 1s FCC and 1s
rigid. It 1s the same 1n both cases. (Minor position distortions
occur, but the FCC cation coordination remains.) Solid solu-
tions between these materials are also well known, such that
substitution for one or several different lanthanides 1n a single
phase, or of several anions 1n a single phase, or even a solution
consisting of several different lanthanides and several differ-
ent anions, are possible.

It 1s possible to exchange the anionic component ofa LnX
crystal for oxygen. The pure oxide 1s frequently the most
chemically stable of the compositions, so exchange of other
anions for oxygen 1s energetically preferred and straightior-
ward. Also due to the high anion diffusivities, this exchange
does not disrupt the quality of the crystal. No cation diffusion
1s required. This sort of chemical exchange results 1n topot-
axy, more specifically 1t 1s a topotactic anion exchange reac-
tion. Individual crystals of the product oxide have an orien-
tation reproducibly related to that of the precursor. This type
ol reaction can occur under more limited conditions for lan-
thamide phases having a BCC cation sublattice, and under
other limited conditions for A-type, B-type, and hexagonal
phases as well.

In many cases, it 1s much easier to deposit an LnX , film of
the desired orientation on a particular substrate than 1t 1s to
deposit an LnO_ film. This 1s 1n large part a result of the
oxidation sensitivity of the substrate, precluding the deposi-
tion of an oxide directly on 1ts surface, as such deposition
typically requires the presence of an oxygen-bearing gas and
clevated temperatures.

It should be pointed out that, depending upon the diffu-
sional characteristics of the LnO_ film, the underlying sub-
strate may be oxidized at a later time, due to an in-diffusion of
oxygen through the template layer. This may in some cases
cause difficulties, as functional structures that are entirely
epitaxial may 1n some cases be very desirable, but 1n many
cases 1t will not. Interface oxidation below the layer may be
irrelevant. Additionally, it 1s possible to use several layers or
a graded structure for the layer hereby produced. Such struc-
tures can be designed to avoid post-conversion substrate oxi-
dation, 11 such 1s desirable.

An LnO_ surface presents an oxide template that 1s ame-
nable to the (locally) epitaxial deposition of a large number of
technologically significant oxide materials. For heteroepi-
taxial film deposition on these surfaces, the LnO_ epitaxial

il
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oxide template films present a cation surface corresponding
to the FCC cation arrangement, on which oxygens can stably
adopt an arrangement corresponding to their arrangement 1n
either fluorite-based or rocksalt-based phases. For a basal
surface, that 1s either a square surface net with a period equal
to 1/SQRT(2) of the FCC sublattice dimension, or a close-
packed surface net, with a period equal to the FCC sublattice
dimension, depending on conditions such as temperature and
oxygen partial pressure. For example, numerous perovskite-
based materials are technologically important. The (100) sur-
face of an oxide perovskite presents a surface net that matches
both the cation surface net, and the oxygen surface net of
fluorite-based lanthanide oxides, Ln,O;, so epitaxy 1s readily
achieved for such films grown on LnO_. Additionally, many
of LnO_ phases are tolerant to some proportion of oxygen
vacancies, thus the interface structure must not necessarily
match exactly, and a single atomic layer of intermediate oxy-
gen coordination can exist between the LnO,_ template and the
desired epitaxial oxide film.

Potential uses of such layers primarily include enabling the
economical growth of epitaxial or oriented layers that provide
specific Tunctionality, although such layers may themselves
be functional. A few examples of structures enabled by this
method and device include (1) the growth of silicon on an
insulating layer on silicon, for dielectric 1solation of silicon-
on-nsulator devices, (2) ferroelectric oxides on silicon for
use in capacitor elements or field-efiect devices, (3) growth of
superconductors on textured nickel for coated conductor
power transmission cables, and (4) the deposition of a high-
dielectric-constant material on silicon for use 1n field-effect
and capacitive devices.

B. Thin Film Technology

The manufacture of a great variety of electromagnetic and
optical devices 1s based upon thin film technology. A succes-
s1on of layers having various functionality are deposited on a
planar substrate surface, one on top of another. Each 1s pat-
terned 1n some manner, resulting 1n a complex three-dimen-
sional device such as an mtegrated circuit. It 1s this technol-
ogy, called metal-oxide-semiconductor (MOS) 1n the case of
its use on doped silicon, that has enabled the computer revo-
lution of the late 20th century, which continues today.
Another example of thin film technology 1s the current etfort
to develop superconducting power transmission cables, using
metal ribbons as substrates. Thin films are also useful on
non-planar surfaces, such as their use as environmental bar-
rier devices on three-dimensional objects.

There exists a wide array of crystalline materials that have
special or exceptional properties, and that are highly desirable
as functional layers in thin-film devices. These materials
include colossal magnetoresistive materials, ferroelectrics,
superconductors, and high-k dielectrics, piezoelectrics, insu-
lators, and many others.

Two major difficulties exist with the integration of these
materials. First, most of these functional materials are oxides,
but the materials commonly or most conveniently used as a
substrate surface for deposition are often very sensitive to
reaction with oxygen, such as silicon, mickel, gallium ars-
emde, or copper. Second, crystalline templating 1s frequently
needed to yield films having a specific orientation or texture.
Oxidation of a substrate surface during the initial stages of
f1lm deposition can destroy this templating.

C. Barrier Layers

Barrier layers are frequently used 1n thin film fabrication
processes to prevent chemical mteraction or interdiffusion of
the chemical species 1n separate layers. Many various and
often complicated layering schemes have been devised for
various combinations of substrate and film composition, for
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which each layer 1s stable 1n contact with the layer directly
underlying 1t. Such an approach can be cumbersome. Mul-
tiple depositions incur added expense for processes that
would potentially incorporate such schemes, and the use of
many different and possibly incompatible schemes increases
process complexity.

One example barrier layer architecture 1s that of an amor-
phous (HI,Zr)N, layer on silicon, and an amorphous (H1,Zr)
(O,N)_, or (Hf,Zr,S1)(O,N)_layer on silicon, used as the gate
oxide 1n a field-effect transistor device, with a conductive
metal thereon, used as a method for the fabrication of a
ficld-etlect transistor. A simpler method 1s desirable.

Barrier layer architectures introduce further problems
which must also be addressed 1n addition to the stability 1ssue.
For example, lack of adhesion 1s commonly encountered.
This results 1n further increasing complexity in design of the
barrier layer architecture. For example, a design in the art
addresses this problem through the addition of extra layers
designed to promote similar chemical bonding and adhesion
between layers. The structure consists of a metal top electrode
on a functional oxide perovskite layer on a Ru or Ir-contain-
ing perovskite layer on a RuQO, or IrO, layer on a metal Ir or
Ru layer on a substrate. Such a structure, six layers, increases
costs significantly. A simple single layer i1s preferred for a
barrier layer.

D. Epitaxy

There exists a large variety of oxide materials with useful
properties, which have many different uses. For example, for
the semiconductor industry, integrating various oxide insula-
tors, dielectrics, ferroelectrics, superconductors, magneto-
clectrics, and other materials with existing semiconductor
fabrication processes 1s an extremely attractive and desper-
ately needed goal. Some superconducting power transmis-
s10n cable technology 1s based upon the use of metal nbbons,
intended to be used as a substrate for the deposition of epi-
taxial (c-axis) YBa,Cu,0O, superconductor using appropriate
butler layers. Some turbines require the deposition of barrier
layers to prevent excessive oxidation in hot spots.

In all of these cases, 1n addition to substrate-oxidation
1ssues, deposition of functional epitaxial oxides are desirable.
Deposition of textured or epitaxial films can increase the
range of oxide films that can be integrated 1n a useful manner.
For example, many oxides are highly amisotropic, and there-
fore must be grown 1n a specific epitaxial orientation to be
useiul. Many substrates are single crystalline, making them
suitable for epitaxial film growth. Many substrates are biaxi-
ally textured, fiber textured, or polycrystalline, and epitaxial
film growth on such surfaces, 1n which grains are locally
epitaxial to individual grains of the surface, results 1n a film
having similar texture. In addition to textured substrates,
there are numerous cases where an oxide barrier 1s desirable
on polycrystalline or amorphous substrates. Cases exist for
which both textured and polycrystalline oxide template layers
are desirable.

Because these cases involve local epitaxy of the deposited
film, the term “epitaxial” will be frequently be used to
describe both situations in the context of film growth. Even
growth on a polycrystalline substrate can be locally epitaxial.
A topotactic anion exchange reaction enables texture reten-
tion regardless of precursor texture.

There have been recent demonstrations of epitaxial film
growth directly on oxidation-sensitive substrates, but this 1s
possible only for a small subset of useful oxides, or under
stringent conditions, and the processes expensive, making an
alternative solution preferable, and only 1n specific orienta-
tions. For example, although some LnO_ can be deposited
epitaxially on silicon, only (110) orientation 1s observed, and
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special conditions must be employed to obtain single-domain
growth of that single orientation.

1. _Jpltaxml Barrier Layers

Thus, 1t 1s clear that a desperate need exists for an oxide
template barrier layer for many different applications and
chemical systems, especially in epitaxial systems. Isolated
specific examples of epitaxial barrier layers exist in the art,
but these typically increase process complexity significantly.

For example, a previously described epitaxial barrier layer
stack strategy to provide a specific type of epitaxial oxide
surface on silicon consists of either a wurtzite-type oxide on
a R—7r oxide on a lanthanide manganite layer on an alumi-
num oxide layer on silicon, or of a wurtzite-type oxide on a
R—Z7r oxide on a lanthanide manganite layer on an aluminum
oxide layer on a tantalum nitride, titanium nitride, or mmobium
nitride layer on silicon.

The above-described layer structure relies on a manganite
layer, which 1s likely to be magnetic, and could introduce
problems 1n an electromagnetic device. Additionally, the
layer structure 1s one that 1s likely to be unstable over time, as
tantalum and niobium nitride layers are known to form exten-
s1ve porosity upon exposure to oxygen and elevated tempera-
tures. The deposition of any oxide layers on this structure
would result 1n such oxidation, and would be destructive to
the physical integrity of the stack. Furthermore, the wurtzite
surface layer of such a structure 1s hexagonal, and on a typical
(100) silicon surface will consist of many domains, the walls
between which are fast diffusion paths for impurities. In
contrast, this disclosure describes an oxide barrier layer that
can consist of only a single layer to be deposited, or multiple
layers i appropriate or desired.

Another epitaxial oxide template and barrier device con-
s1sts of a structure comprised of a metal oxide layer com-
prised of an ABO, perovskite material deposited directly on a
single crystalline silicon surface, with turther layers of func-
tional oxides. This type of deposition requires an exceptional
degree of finesse, because the thermodynamic conditions
(temperature, partial pressure of constituent gases) for depo-
sition are very close to those resulting 1n oxidation of the
substrate, silicon in this case. In fact, silicon will oxidize
before the elemental constituents of may perovskite compo-
sitions, effectively preventing successiul use of this approach.

E. Topotaxy

An alternative to the direct deposition of oxides on sensi-
tive substrates for the fabrication of epitaxial template and
barrier layers 1s highly desirable. Topotaxy offers this alter-
native method by enabling the deposition of a precursor of
desired crystalline texture that 1s thermodynamically or
kinetically stable 1n contact with the substrate at the time of
deposition, and which 1s stable 1n contact with materials later
deposited thereon at the time of their deposition. In other
words, a precursor layer 1s transformed to an oxide template
barrier layer subsequent to deposition on the oxidation-sen-
sitive substrate.

The method of this disclosure relies on the phenomenon of
topotaxy, specifically the topotactic exchange ol anions in
inorganic, lanthanide-containing systems, as detailed below.

1. Definition

Topotaxy indicates that “the product crystals have mher-
ited their orientations from the reagent crystals,” character-
1zed by “a defimite and reproducible crystallographic orienta-
tion relationship between the two,” and which also 1involves a
change in composition (presumably through out-diffusion or
in-diffusion of one or more constituent species). Reactions
resulting in topotaxy are referred to as topotactic reactions.

Topotactic solid-state reactions occur 1n systems for which
one of the components has a very high mobility 1n the solid,
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while the other 1s a rigid or constrained, over some specific
range of temperatures. If such a material 1s exposed to a
source of some other component elements, for which a com-
pound with the non-diffusing species 1s more energetically
preferred, and for which the source component also has a high
mobility 1n the material, then a topotactic reaction can occur.
A topotactic reaction results 1n a product phase that 1s distinct
from the parent phase.

2. Types

Topotaxy has been known for almost a century, and topo-
taxy 1n metallic (Widmanstatten reactions) and organic sys-
tems 1s widely known, but will not be addressed here. For
inorganic systems, four types of topotactic reactions exist.

a. Persistent Slab—Intercalation/Deintercalation

Persistent slab topotactic synthesis and exchange methods
are different from the process in this disclosure. These involve
layered or sheet-like compounds (e.g., graphite, clays, or
Ruddlesden-Popper phases), and the cation exchange in these
systems 1s more properly referred to as topochemical, or an
intercalation/deintercalation reaction. A rigid slab of the par-
ent phase, for example a perovskite double layer of a layered
perovskite phase, remains unchanged, while the components
between the slabs are exchanged.

An example of persistent slab topotaxy 1s the incorporation
of CuCl or CuBr into the n=2 Dion-Jacobson phase (layered
perovskite) RbLaNb,O.. A parent phase 1s annealed at 325°
C. for seven days 1n the presence of CuCl, or CuBr,. The very
large size of the Rb atoms, which lie between the double-
perovskite sheets enables the exchange. Such an exchange
results 1n the disintegration of a single crystal or bulk parent
phase upon reaction, as the lattice expands by 6.4% 1n the ¢
direction upon conversion.

Some topotactic work has been carried out in a manner
referred to as soft chemistry or exioliation. In these processes,
a parent phase having a structure composed of rigid and
chemically stable slab layers alternating with alkali or alka-
line earth layer 1s used. The alkali or alkaline earth 1s removed
through solution chemistry processes, resulting in an exfolia-
tion process. The slabs, floating 1n a solution, can be caught
and manipulated in various manners, such as layer-by-layer
assembly techniques. This has been used as a method to
produce textured T10, and BaTiO, films from a T1, O H, .4
precursor.

b. Cation Exchange (Persistent Anion Sublattice)

Persistent anion sublattice topotactic reactions are the most
widely studied 1n oxides. Systems are typically transition
metal oxides, for which the oxygen sublattice i1s close-
packed, and cations are mobile enough to allow for exchange.
Most examples involve the formation of spinels or the break-
down of some hydrated silicates. Similar reactions have been
reported 1n organic systems. In both parent and product, the
oxygen lattice 1s close-packed.

The reaction of SnO vapor with MgO vyields a topotactic
layer of Mg,SnO, spinel on MgO. Very hlgh temperatures,
1200-1300° C., are required to achieve sullicient mobilities
for this reactlon to occur. A similar topotactic reaction occurs
for solid-solid reaction of the T10O,—MgO system to yield
Mg, 110, and Mg,T10, spinel. The NiO—Al,O; system
undergoes the same type of transformation, with the {111}-
type N1,AlO, planes parallel to the (0001) Al,O; (hexagonal)
planes. Solid-solid reaction of MgO and Nb,O. or Ta,O; at
800° C. forms corundum-type-structured Mg, Nb,O, or
Mg, Ta,O,. -N1(OH), transtforms to -N1OOH upon heating
to evolve hydrogen.

c. Anion Exchange (Persistent Cation Sublattice)

Anion-exchange topotaxy 1s much less widely known, and
1s the focus of this disclosure. In this case, the cation lattice 1s
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rigid and persistent, and anions have high mobility. Numer-
ous lanthanide iorganic phases {it these two critera.

Taking for example the oxides, LnO_, the anion substruc-
ture “melts” far below the physical melting point of the solids.
The metal substructure, on the other hand, 1s rigid up to the
melting points of approximately 2500° C., and significant
cation mobility 1s not observed below ~1300° C., although the
oxygen in such compounds 1s highly mobile by 300° C.
Indeed, lanthanide oxides are among the most thermally
stable materials known.

Materials with tluorite-based structures are “notorious” for
the high mobility of the non-metal constituents. All LnO_take
at least one fluorite-based form, including fluorite, defect
fluorite, pyrochlore, bixbyite, scheelite, inverse sphalerite,
and many others. Thus, these materials are prime candidates
for use 1n topotactic anion-exchange fabrication of single-
crystal-like epitaxial, fiber-textured, and biaxially textured
films, and generally for the formation of oxide films of any
texture.

Many examples ol anion exchange involve a change in
oxygen stoichiometry. Lanthanide oxides have been observed
to transform topotactically from one form to another as early
as 1978, by high-resolution transmission electron micros-
copy. Other examples are 1n lanthanide-containing phases,
such as the transformation of perovskite-based LalN10; to the
metastable LaN1O.,,.

d. Constrained Particle

Physical constraint has been demonstrated to hinder
atomic rearrangement suiliciently to result in topotactic
reduction of an oxide to a metal 1n a system for which topo-
tactic anion exchange 1s not observed 1n the bulk.

A three-dimensionally constrained NiO {ibrous inter-
growth 1n ZrO, was reported to reduce topotactically to Ni,
the nickel cation lattice being constrained 1n three dimensions
by the Zr0, lattice. The small size (layers ~1000 nm 1n width)
of the fibral intergrowths 1s believed to have enabled stabili-
zation ol the nickel lattice by sulliciently increasing the
kinetic barrier to cation reorganization. Such a reaction would
not be expected to occur for nickel that 1s not constrained in
this manner.

For thin films, and especially unrelaxed ultra-thin films, the
physical constraint of epitaxy similarly restrains cationic
rearrangement, but to a lesser extent. Epitaxial strain also
shifts phase transition temperatures, and can thus stabilize
phases not otherwise stable at room temperature. The con-
straint of epitaxy can stabilize LnO_ thin film systems, trans-
formed from FCC cation-lattice LnX , precursors, which oth-
erwise undergo a reconstructive transformation upon anion
exchange, to yield high-quality LnO_ films.

3. Diffusional vs Reconstructive

Many topotactic reactions do not require atomic rearrange-
ment of the cation and anion lattice at the reaction interface,
and topotaxy does not imply a reaction mechanism, 1.e.,
reconstructive topotactic reactions can occur. In some cases,
significant rearrangement occurs, and the actual process can
be viewed more as decomposition followed by reconstructive
growth.

For the method of this disclosure, however, gross rear-
rangement of the rnigid FCC cation lattice does not occur.
Thus, 1t 1s referred to as a diffusional topotactic reaction.

4. Bulk Lanthanide Systems

It has long been known that single crystals of certain lan-
thanide oxides can be topotactically transformed from one
oxide composition to another with minimal change to the
texture of the crystal. This 1s known to occur readily for LnO_
C-type and fluorite-based crystal structures, which have an
FCC-based cation sublattice, and particularly for PrO_ and
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CeQO,_. Single crystals of up to 1.45 mm 1n thickness are
readily transtormed topotactically from z=2 to fluorite-based
phases z=1.833 and 1.67, respectively, and back to z=2 at
about 350° C. The textural quality of the single crystals 1s
maintained. The utility of rapid oxygen exchange 1n LnO_ has
been previously recognized, such as bulk (Ce,Pr)O_ which
has been used as a reversible, active material for oxygen
separation from air, with use 1n the temperature range of
~380-600° C. Yttrium metal, having an oxidized surface, has
a greater oxidation resistance than any other elemental metal,
due to 1ts protective oxide scale which owes its adherency 1n
part to near lattice match between metal and oxide.

Several LnO_ phases of different oxygen content can coex-
1st 1n the same single crystal, as demonstrated and known for
TbO_ and PrO_ 1n FIGS. 1, 2A, 2B, 2C, 2D and 2E. Some
LnO_such as CeQ, -, ,, have been demonstrated to oxidize at
room temperature, thus demonstrating their high oxygen
mobility, which 1n turn would imply that the orientational
variants of homologous series LnO_ can renucleate new
domains at room temperature.

Although complete transtormation of some pure LnO_
phases can result in material failure, different thermal condi-
tions or anion doping can help to stabilize low-oxygen-con-
tent compositions in an FCC cation lattice-based structure, or
to stabilize a cubic fully-oxidized form. For example,
although CeQO, crystals transformed to CeQO, . at 800° C.
become polycrystalline, due to a reconstructive transforma-
tion to the non-fluorite A-type phase, as 1s known, transior-
mation below 600° C. results in the preferred stability of the
C-type phase (see FIG. 3, a known stability diagram for
polymorphic forms of Ln,O;), which has an FCC cation
sublattice and therefore remains single crystalline. Similar
conditions apply for other LnO_ as well.

Nitrogen can stabilize the fluorite-type lattice of LnO_ at
low oxygen content. Single crystals of PrO, with a C-type
structure can be topotactically reduced to fluorite-based
PrO, .5, (the p-phase) by a hydrothermal technique using
nitric acid as a solutant. All previous attempts to reduce
A-type Pr,O,, i the absence of nitrogen, had resulted in
single crystals shattering, due to the reconstructive nature of
transformation for pure oxide. Similar efiects have been
observed 1n attempts to reduce CeQO, and ThO,, single crys-
tals.

Topotactic anion exchange 1s demonstrated also for some
lanthanide-contaiming systems having a BCC cation sublat-
tice. LaN10,, a perovskite, can be topotactically converted to
LaN10,, through the use of annealing 1n the presence of solid
hydrides such as NaH. The oxygens residing between the
lanthanum 10ns 1n the lattice are removed by the process. This
1s a true topotactic anion exchange process, but involves only
changing the stoichiometry of the single anmionic component
of the system, oxygen. More complex anion exchange sce-
narios are possible.

5. Thin Film Systems

Topotactic anion exchange to produce heteroepitaxial bar-
rier layers of some transition metals ('Ir) 1s reported 1n the
literature. The transformation in these materials 1s of poor
quality, which 1s reasonable when they are considered from a
crystal chemical perspective. It will be shown 1n later sections
that lanthamides are most suitable for topotactic amion
exchange (Sec. 0).

Topotactic anion exchange from TiN to a TiO, barrier
layer, has been demonstrated and 1s known, but excessive
porosity and roughness associated with the reconstructive
conversion preclude 1ts use 1n this manner. Growth of epi-
taxial T10, directly on silicon 1s difficult or impossible, due to
excessive mterface oxidation during growth. A 120 nm-thick
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TiN deposited by pulsed laser deposition was converted to
epitaxial T10, by exposure to S mTorr of oxygen at 780° C.,
yielding a (110) rutile T10,/(100) S1 film with a two-domain
morphology due to imn-plane twinning. X-ray ditfraction 0-20
(FIG. 4) and rocking curve scans indicated an epitaxial film,

with 1.7° FWHM texture for the TiN and 2.3° for the T10,. A
110, {101} pole figure from the prior art, shown 1n FIG. 4,
demonstrates that the T10, 1s epitaxial. This film was used as
a barrier template for the subsequent growth of BaTi0;. In a

second experiment, deposition of BaTi1O; directly on TiN
resulted 1n a BaTi0,/T10,/T1N/S1 epitaxial heterostructure.
In both of these demonstrations, although the texture was
acceptable, the conversion also introduced ~70% porosity
into the T10,, film, a completely unacceptable amount. Severe
surface roughening was also observed. This 1s not surprising,
based on the near doubling of molar volume upon transior-
mation, or a 19% 1sotropic linear lattice expansion. The T10O,
f1lm had a high electrical leakage, indicating a high density of
clectronic and/or microstructural defects.

A second demonstration of topotactic anion exchange 1s
that of epitaxial Zr, Y, ,N to Zr, .Y, ,O, on biaxially tex-
tured nickel and single crystal silicon. The reported textural
quality of the resultant films 1s tnadequate for applications. In
one example from the prior art, epitaxial Zr, .Y, N was
deposited onto biaxially textured nickel (¥ rocking curve
FWHM=5.5°, ¢ FWHM=8.2°) by magnetron sputtering, and
was subsequently transformed to Zr, .Y, ,O, using a water-
forming gas mixture at temperatures from 500 to 900° C. A
known x-ray diffraction analysis, FIG. 5, demonstrated a
topotactic transformation. The texture of both the Zr, .Y, -N
and Zr, .Y, ,O, were 3.4 and 4.8° 1y, and 10.5 and 11.0° 1n
¢ (FWHM), respectively, similar but slightly worse than that
of the substrate (their texture 1s a convolution of film and
substrate texture), and inadequate for superconducting cable
applications based on grain boundary misalignment criteria.
In a second example from the prior art, epitaxial (Zr,Y)N
films grown on silicon were transformed 1n the same manner
to (Z1,Y)O,. These were demonstrated by cross-sectional
transmission electron microscopy and diffraction analysis to
have a topotactic orientation relationship at the conversion
front, shown 1n the art at FIGS. 6 A, 6B, 6C and 6D, but their
overall texture was poor.

The vyttrium-doped zirconmium oxide topotactic anion
exchange system, Zr, Y, -.0,—71, Y ,N, possesses the
appropriate crystalline structure for successtul topotactic
conversion, 1.€., a rocksalt precursor and a fluorite product,
both having an FCC cation sublattice. But, the 50% volume
change upon anmion exchange (13% difference 1n lattice
parameter) 1s too large to allow for conversion without the
introduction of undesirable mosaic structure. Indeed, films in
this system crack and spall due to compressive strain.

Some metals are known to form a thin topotactic film on
their surface as they oxidize. If 1t 1s possible to deposit epi-
taxial films of lanthanide metals on desired substrates, and 1t
the change 1n lattice dimension 1s small enough upon conver-
sion from Ln to LnO_, then this method could also be tech-
nologically usetul.

Although topotactic oxygen loss or gain 1s demonstrated to
have limits 1n single crystals, it 1s likely that epitaxial thin
films will exhibit an extended range of stability for such
reactions due to a combination of the physical constraint of
epitaxy and the very low thickness of such films.

6. Microstructure and Texture Issues

The preceding sections show some examples of texture
evolution through topotactic anion exchange. It 1s imnstructive
to summarize the textural trends before moving on to a full
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description of the crystal and chemical systems for which
topotactic anion exchange 1s a viable method of fabrication
for epitaxial or textured films.

A common predictor for determining the likelihood of
“g0o0d-quality” heteroepitaxy 1n a given oxide system 1s lat-
tice match. Other factors, such as chemical compatibility,
contribute, and this predictor fails in certain cases (for
example for the epitaxial growth of lanthanide oxides on
(100) silicon, which grow with a (110) orientation, 1n contrast
to a lattice-match prediction of (100) growth) but 1t 1s largely
accurate, and 1s suggested to be the primary parameter to use
in down-selecting an appropriate composition from those that
are compatible with the system under consideration.

The predictor of lattice match 1s even more effective 1n
predicting the textural “quality” of topotactic anion-exchange
systems. Many lanthanide oxide systems have very low
changes 1n lattice dimension upon conversion, making lan-
thamdes the i1deal system for successtul application of this
method. Furthermore, the wide range of cation and amion
alloying possible for lanthamides enables further minimiza-
tion of conversion strain etfects (see Sec. 1.).

The general microstructural trends for the effects of topo-
tactic misfit are summarized 1n Table 1. Small elastic strains
are relaxed by the mtroduction of dislocations, which cause
mosaic texture. Subsequent anion exchanges may not intro-
duce any additional mosaic, due to the existing mosaic struc-
ture relieving such stresses. Likewise, a film with some
degree of mosaic texture present from film growth may not
show an 1ncrease 1n mosaic texture upon conversion. In many
reversible reactions, this mosaic 1s generated upon {irst con-
version, and does not change with further cycling. Product
film texture 1s a convolution of all preceding textures.

Texture 1s further affected by anisotropy of precursor,
product, or both phases. Insufficient demonstrative examples
exi1st, but the effects can be predicted based on crystal chemi-
cal and epitaxial growth principles. Orientational variants
arise to minimize strain energy. For example, two different
topotactic orientations are commonly observed 1n the N1O—
Al,O; system.

TABLE 1

Microstructural effects of lattice mismatch
for topotactic anion exchange systems.

Condition Effects

tension - high porosity
cracking
incomplete exchange
roughness

mosaic texture

none

mosaic texture

porosity

spallation

pulverization of material
roughness

tension - low
perfect match
compression - low
compression - high

An example of high compression upon topotactic conver-
s10m 1s the reaction of Ta,O; to form TaON and Ta,N., which
results 1n the formation of a large network of pores, due to the
large volume change on transformation.

In a system with moderate compression, Mg,SnO, films
formed from SnO vapor and a MgO {ilm take on a four-fold
mosaic texture, with a characteristic network of dislocations
form at the interface and domains tilted approximately 0.8°
from the MgO <100>, due to a 2.5% lattice dimension mis-
match between parent and product phases. And likewise with
Mg, 110, formed from the reaction of MgO and T10,, char-
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acterized by the formation of numerous cation antiphase
boundaries. This transformation 1s reconstructive.

A system with moderate tension, but with a diffusional
topotactic reaction, reduction of CeO_ has a lattice expansion
of ~2.3%, and forms coherent domains of ~40 to 400 nm 1n
s1ze. Upon reoxidation, the mosaic disappears, demonstrating
that the reaction 1s diffusional and not reconstructive.

The high tension of dehydration of N1{OH), to N1O and of
Mg(OH), and Cd(OH), are examples of systems which
become porous upon topotactic transformation. A second
example is the crystal surface of MgO—Nb,O., which results
In excessive roughness.

F. Crystal Systems for Topotactic Anion Exchange

The requirements for films to be fabricated by the topotac-
tic anion exchange method are that they consist of a rigid
cation sublattice, and that they have high anion diffusivities at
temperatures which the film and substrate can tolerate (some
degree of atom motion occurs at all temperatures, but among
epitaxial oxide template materials, those below possess the
qualities to the highest degree), thus enabling anion diffusion
and exchange while maintaining the orientation and texture of
the parent crystal. These types of materials have been known
for some time, but have never been applied to thin film tech-
nology. The description by Bevan and Summerville (1979) 1s
quite clear:

“There 1s a host of solid phases of widely differing chemi-
cal composition for which a common {feature 1s the
stable arrangement of cations, either ordered or disor-
dered, on a sub-lattice which 1s essentially that of the
cations of the fluorite-type structure. The stability of this
cation arrangement 1s then such that the amions of the
associated anion sub-lattice can adopt a variety of con-
figurations around individual cations, each of which 1s
the most appropriate for the particular cation/anion ratio
combination . . . . Moreover the anion sub-lattices thus
produced are clearly very tlexible and can adjust within
wide limits to changes in cation composition and distri-
bution so long as the cation sub-lattice per se retains its
relationship to that of the fluorite-type structure, and
gross non-stoichiometry in fluorite-type phases 1s a
direct consequence of this.”

This “host of solid phases™ consists primarily of crystal
structures based on a close-packed face-centered-cubic
(FCC) cation sublattice. An FCC cation sublattice 1s also
present 1n rocksalt-type structures, however, with anions
occupying diflerent sites. Other cation arrangements can also
exhibit this behavior to a limited extent, for example those
with a close-packed hexagonal cation sublattice, or those with
a body-centered cubic (BCC) cation sublattice.

1. Face-centered Cubic Cation Sublattice

a. Simple Lanthamide Phases With an FCC Cation Sublat-
tice

All LnO_ exist 1n several crystalline forms, most of which
consist ol arigid FCC cation sublattice, with oxygens distrib-
uted 1n various manners. These phases exhibit high oxygen
mobilities, and 1t 1s these phases that can be synthesized
through diffusional topotactic amion exchange. Such phases
can also be mter-transformed by the same method, dependent
upon possible 1onization states for a given lanthanon.

The crystal structural similarity of FCC cation-sublattice-
based LnO_ phases 1s shown 1n FIG. 7. dark circles represent
the lanthanide cations. The umt cells of these phases are all
FCC. Oxygens 1n rocksalt-type LnO_ lie 1n octahedral sites,
and in fluonite-type oxygens lie 1n tetrahedral sites. The
C-type LnO, . can be considered to be derived from tluorite
through the removal of ¥4 oxygens. Due to the large cationic
radi1 of the lanthanides, the lattice parameters for the possible
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LnO_phases for any given lanthanon vary from 1.8 to 5.5%.
The rigid FCC cation lattice defines the structure, unlike
typical transition metal oxides. All three of these LnO_ are
epitaxially and topotactically compatible. This 1s a moderate
mismatch, and results in the generation of nanodomains with
minor mosaic upon topotactic conversion. It will, however, be
shown below that this lattice mismatch can be reduced sub-
stantially, so that in practice essentially perfect topotactic
conversion 1s possible.

Rocksalt-structured phases of pure lanthanide monoxides
exist only for Eu and Yb. Others have typically been found to
be nitrogen or carbon-stabilized. All lanthanide sesquioxides
can assume the C-type bixbyite, essentially a fluorite struc-
ture with 4 of the oxygens removed, and one half of cation
positions distorted by ~12% from FCC. From Nd,O; to
La,O,, they may be metastable, but are observed perhaps due
to low oxygen diffusivities at those temperatures.

Rocksalt-based, fluorite-based, and mixed lanthanide salts

(LnX,) also exist. These include LnH,, LnH;, LnC, 55, LnN,
LnP, LnS, LnSe, and LnTe, and have wide anion solubility
ranges, as demonstrable by perusal of known compounds in
materials databases, such as the Powder Diffraction File or the
Landolt-Bornstein Numevrical Data and Functional Relation-
ships in Science and Technology. Superstoichiometric phases
having oxygen 1n all octahedral sites, and some interstitials,
are also known. Cations 1n CeD, .o, LaD, 55, and PrD, ;-
(D="H) are displaced slightly from the ideal fluorite, but not
enough to form superlattice reflections 1n XRD patterns. In
other words, very slightly, such that a good epitaxial fit 1s
maintained.

“Rocksalt-based’ indicates crystal structures comprised of
a nominally FCC cation sublattice, with an interpenetrating
nominally FCC anion sublattice, typically having a wide
range of anion:cation stoichiometries, from about 0.2:1 to
3:1. Anions lie 1n octahedral sites.

“Fluorite-based” indicates crystal structures comprised of
a nominally FCC cation sublattice, with an interpenetrating
nominally Y/2a, cubic anion sublattice, typically having a wide
range ol anion:cation stoichiometries, from about 1.2:1 to
2.5:1. Anions lie primarily 1n tetrahedral sites. The structure
of C-type Ln,O, (bixbyite) 1s considered tluorite-based.

Alloys also exist, for example lanthanide oxide-fluorides
have been known since 1941, with the description of La(O,
I),. The material accommodates an excess of anions as inter-
stitials 1n a fluorite-type crystal structures. The anions 1n these
phases are highly mobile, as 1s the case with other fluorites.
(In many descriptions of chemical formulae of alloys, sub-
scripts of individual alloy constituents are omitted, as many of
these exhibit wide, continuously variable ranges ol composi-
tion. )

Not all LnO_ phases are based on FCC cation sublattice.
Because the radius ratios of LnO_ are close to critical values,
several other structures are observed. For LnO, ., A-type
(hexagonal) and B-type phases can be considered to be
derived from a tluorite-type parent, with the oxygen lattice
preserved and the cation sublattice sheared to form a layer-
type of structure, as known and illustrated 1n the art in FI1G. 8.
Such a crystal structure 1s not the most amenable to the
topotactic anion exchange method, but in certain cases, such
as with mixed high and low-diffusivity anions, 1s applicable.
Epitaxial stabilization and kinetic limitations may act to sta-
bilize the C-type form of some LnO_ that would otherwise
exist 1n the A or B-type form. All lanthanide oxides are stable
(or metastable) at room temperature 1n the cubic form. At
temperatures up to 1000° C., some undergo phase transitions
to other forms, but the distortion 1s slight enough that epitaxy
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could stabilize the fully cubic form, or that the distortions
would be low enough to avoid the introduction of domain
boundaries 1n such a film.

b. Ordered Anion Phases

In some lanthanide oxides, many phases of composition
intermediate between Ln,O, and LnO, exist. The many dii-

ferent phases are members of a homologous series,
Ln O first described for the Pr, O, , system 1n 1965

o 2r-m?

(more specifically, the Ln_ O,, ., homologous series). The

FCC cation sublattice 1s essentially 1dentical for all of them,
such that the differences in structure are due to various
arrangements of oxygen within this rigid FCC cation lattice.
The different homologues form by the ordered introduction
or removal of oxygen vacancies, with no cation interstitials
required for the transformation.

These many phases have a wide variety of monoclinic,
triclinic, and rhombohedral unit cells that appear deceptively
different from one another. They are all, 1n fact, essentially an
FCC cation sublattice, each with a different ordering of the
anions, and require no diffusional movement of the cations.
This 1s shown schematically in the art in FIG. 9, which shows
the Ln cations as black dots, viewed along [110] of the FCC
cation sublattice. The unit cells for several different m are
overlain this lattice, demonstrating the similarity they all
share.

The various possible anion excess stoichiometries result in
numerous different crystalline phases, called vernier phases.
The structures of these phases are all derived from the same
parent prototype structure, and differ only in anion stoichi-
ometry, anion site ordering, and slight displacements of the
cations, and slight distortions from the prototype cubic unit
cell.

A great many composite modulated structures are known
for anion alloys as well, such as Ln-O—F, Ln-O—N, and
Ln-N—F systems. These are all based upon the fluorite struc-
ture, and differ only 1n the ordering of the anions through the
rigid FCC cation lattice. For example, 1 the systemY—O
F, distinct phases exist for Y .O,F,, Y. O.F., Y O.F,,
Y, 0O, ,F,;, and so on. All of these have the same rigid FCC
cation lattice, and differ 1in their cube-side-equivalent unit cell
dimension by less than 0.4%. This 1s a very small mismatch,
and 1ndeed these phases intergrow readily. They consist only
of ordering of the anions, due to high mobility of the anions.

Anion exchange 1s a continuous process, as evidenced by
the smooth change 1n lattice parameter with changing anion
stoichiometry, having no abrupt, discrete shifts, which would
tend to introduce defects, as shown in the art in FIG. 10.
Changing anion stoichiometry does not necessitate any reor-
dering of the cations, and thus topotactic oxygen exchange 1s
not disruptive to an epitaxial film or single crystal. The reac-
tions used to form various compositional variants of lan-
thanide oxides involve only a reaction with gaseous oxygen at
clevated temperature.

The structural compatibility of LnO_ phases 1s demon-
strated by their topotactic coexistence 1n a single crystal, as
observed by high-resolution transmission electron micros-
copy (HRTEM). An example 1s shown for the PrO_ system 1n
the art in F1G. 2, a HRTEM image of three domains 1n a single
crystal of PrO, .. These domains have monoclinic, triclinic,
and an undetermined unit cell, all with the same parent FCC
cation sublattice, and have compositions of PrO; 4;a.
PrO, 5,4, and PrO, ..., respectively. Topotaxy 1s demon-
strated by the electron diffraction patterns from the different
regions. A second example 1s shown in the art in FIG. 1, where
s1x different homologues are present 1n a single crystalline
region of TbO_ in an area less than 30x15 nm~.
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The situation of topotactic phase boundaries (or contigu-
ous microdomains) of different compositions and structures
1s commonly encountered 1n materials involving reduced lan-
thamide oxides. It 1s important to note that macroscopic tech-
niques such as powder x-ray diffraction are insensitive to
these multiphasic microdomains.

c. Ordered Cation Phases

Many lanthanide-contaiming oxides having ordered cation
arrays exist, and synthesis of these phases 1s amenable to the
topotactic anion exchange method. Pyrochlore phases are
essentially fluorite phases, with ordering of cations of differ-
ing valence on different sites 1n the FCC-based cation sublat-
tice. Order tends to decrease anion diffusivities for a given
composition that forms fluorite-type and ordered pyrochlore
phases.

Crystalline phases comprising a major fraction of lan-
thamides are also suitable for topotactic anion exchange. As
for the pure lanthanide cases, 1t 1s preferable but not necessary
for both the precursor and product phase to have an FCC
cation sublattice. An example of one such family of systems,
Ln,B,0O, pyrochlore phases. Pyrochlore 1s a fluorite-type
phase, with A and B ordered in octahedral and cubic coordi-
nated lattice sites, and with 4 of the oxygens removed.
Numerous pyrochlore phases have excellent lattice match
with common epitaxy substrates, as shown 1n FIG. 11. Some
of these phases exist in known Ln,B,X phases, but the
literature record 1s incomplete. It 1s possible to predict, on the
basis of oxygen mobilities in the pyrochlore phases, and on
the existence of LnX , phases, which precursors are likely to
exist, and which will best convert favorably to the desired
oxide pyrochlore. (It should be noted that similar structures
having the same or similar compositions also exist, in the
form of numerous fluorite- and pyrochlore-related phases.
These phases are nominally 1dentical but with the A and B
randomly distributed among the FCC sites. )

Ordered phases of alloys that are not entirely lanthanide-
based, such as LnTrO, Scheelite type phases (Tr=transition
metal), observed for Nd through Ho, are also suitable. The
cations are alternately layered along <110> of a fluorite-type
parent to yield a tetragonal umt cell that 1s essentially a
superstructure of tluorite. An example 1n the art 1s shown 1n
FIG. 12, for EuWO,. An epitaxial precursor to a scheelite-
type oxide would preferably be c-axis oriented, or less pret-
erably with the c-axis in-plane, such that a domain structure
results. Other orientations can also be useful. Distorted vari-
ants such as monoclinic Fergusonite may also be synthesized
by the method. Zircon and monazite are highly distorted
variants of scheelite, and are unlikely to easily yield topotac-
tically converted oxide films without the introduction of sig-
nificant defects. Other series of cation-ordered and fluorite-
based lanthanide oxides are those with the wolframite
structure. A diagram of the observed oxide phases for several
LnTrO, 1s known and shown 1n FIG. 13.

For any of these oxide phases having ordered cation arrays
to be formed by the topotactic anion exchange method, a
suitable precursor having the same cation ordering 1s neces-
sary. The ternary, quaternary, and higher systems that would
yield such phases have not been fully explored. It 1s expected
that such phases can be synthesized under the appropnate
conditions, especially with appropriate selection of anions
(Sec. 1.1).

d. Layered-structure Materials

Layered phases can be used 1n a straightforward manner to
present the desired surface. For example, a layered phase
having a nominally square a-b, but a long ¢ axis can be grown
1n a c-axis orientation on a substrate, and subsequently con-
verted. Changes 1n the ¢ dimension upon conversion are typi-
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cally irrelevant to the process, because 1t 1s changes in the
dimension of the a-b plane through conversion that are impor-
tant for preservation of a functioning template layer. Anisot-
ropy of candidate phases are both permanent and transitional.

Some permanent layered phases are the Ruddlesden-Pop-
per series of phases, A B O, .., based upon n number of
perovskite-like subcells interleaved with rock-salt-type oxide
double layers. The prototype structure of the n=1 composi-
tions 1s K,NiF,. Numerous combinations of lanthanide
oxides and other cationic species with oxygen, nitrogen, fluo-
rine, and other anions are known. The ngidity of the lan-
thanide component of the cation lattice 1s suificient 1n many
cases to yield a topotactically transformable system. Anion
diffusivities 1n many of these systems are unknown, but can
be estimated based on their composition and structural fami-
lies. Additionally, Ruddlesden-Popper phases have a BCC-
based cation sublattice (see Sec. 0).

Transitional layered phases are those for which the precur-
sor 1s highly anisotropic, but the product phase more closely
approximates a cubic phase. An example of this 1s LnC,
phases, which have an a-b mesh that closely matches that of
analogous Ln,O,, but for which the ¢ axis 1s expanded by
about 65%. A c-axis LnC, film will convert topotactically to
L.nO_wvia evaporation of C in the form of CO, with a deflation
in the ¢ dimension of the lattice as the conversion front pro-
ceeds. LnC, have a-b plane lattice parameters, (A), which
closely match those for materials of technological 1impor-
tance, as shown 1n Table II.

TABLE 11

Basal lattice parameter (a0) of LnC2 phases (A).

ScC, YC, LaC, CeC, PrC, NdC, SmC, GdC,
a0 3.99 3.644 3.92 3.8 3.85 3.82 3.76 3.718
W/Zag 5.64 5.1% 5.34 5.49 5.44 540 5.32 5.26
TbC, DyC, HoC, FErC, TmC, YbC, LuC,
A 3.690 3.669 3.643 3.620 3.600 3.637 3.563
\/2:10 5.22 5.19 5.15 5.12 5.09 5.14 5.04
e. Stutted Structures

Stuffed structures, those with double layers of anions, are
not amenable to the topotactic anion exchange method. In
these phases, the lattice 1s defined to a great extent by the
anion lattice. Thus, although a topotactic transformation 1s
possible, 1t will be reorganizational. Examples of such sys-
tems include LnCl, LnBr, Ln,N,S, and Ln,O,S. Zr(Cl and
ZrBr have graphite-like layered structures and take up oxygen
interstitials easily.

f. Silicates

Some silicates exist, having crystal structures derived a
distorted FCC lattice, and are likely to be amenable to the
topotactic anion exchange method. Moreover, such phases
are stable 1n contact with silicon. Appropriate Ln-S1—X
phases remain to be idenfified. An example 1s olivine,
M,S10,. Silicon atoms are present 1n an alternating fashion
between half of the neighboring M cations, such that the
result 1s an orthorhombic phase, for which the oxygen lattice
presents a square lattice on (011) and equivalent surfaces.
This square lattice matches up nominally with that of Ln,O,

and perovskite phases.

2. Body-Centered Cubic Cation Sublattice

The extreme resistance of lanthanide cations to diffusional
migration 1n oxide LnX crystalline phases allows extension of
the method to other structures that are not based on an FCC
cation sublattice, and that have lanthanides as a major cationic
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component, namely ones having a body-centered cubic
(BCC)-based cation sublattice.

It 1s possible to transform some perovskite-like (ABO,)
precursors to oxide perovskite-based phases. In these, the
cation lattice 1s BCC, or two interpenetrating simple cubic
cation sublattices. The cations can be all lanthanides, in the
case of DyScO,, can have one component be a lanthanide,
LaAlQO,, or either of these can be alloyed to some degree with
other cationic species of either lanthanide or other metals,
such as transition metals or alkaline earth metals. Many of
these phases are slightly distorted from cubic. Although most
known lanthanide-contaiming perovskites are oxides (based
on the strongly covalently bonded BO,>~ octahedra), some
non-oxides and other partial oxides are known to exist.

Recent work has shown that perovskite-type LnBO; may
have extremely high potential as barrier layers. Anion diffu-
stvities I ABQO, are typically much lower than for FCC-based
phases. In fact, it has been demonstrated recently that single
layers of oxygen vacancies can be trapped during growth of
epitaxial SrT10;, at 760° C. An implication of this 1s that a
lanthanide-contaiming perovskite-based (BCC-type cation
sublattice) precursor only a few atoms thick can be suificient
to act as a barrier to oxygen diffusion to a sensitive substrate
such as silicon, when only the top one or two atom layers 1s
converted to oxide due to kinetic constraints. This 1s sufficient
for templating action of the epitaxial barrier layer as well.

G. Lattice Match

1. Epitaxial Quality

For epitaxial growth of highly ionic materials such as
oxides, 1f structure and bonding at the interface are compat-
ible, lattice match with the substrate 1s a major determinant of
the quality of epitaxial film that can be grown. Thus, after
chemical stability, lattice match 1s the main selection criterion
useiul for down-selecting the number of candidate systems
for production of an epitaxial template layer via topotactic
anion exchange.

Good lattice match minimizes defects. Misfit strain
induces the formation of musiit dislocations, leading to
mosaic spread 1n an epitaxial film. A high degree of misfit can
lead to strain-induced surface roughening.

The lattice parameter of the pure lanthamide oxides varies
with oxygen content, as demonstrated in FI1G. 14, a plot of the
pseudocubic FCC cation sublattice dimension versus oxygen
content for the lanthanides. The horizontal axis represents the
cation radii, and all of the lanthanides are marked on that axis.
All lanthanides are observed as Ln,O, bixbyite (C-type) at
room temperature. Under oxidizing or reducing conditions,
some will form higher or lower oxides, such as rocksalt-
structured EuO and YbO, or fluorite-type NdO,, CeO.,, PrO,,
or TbO,. Several intermediate phases 1n a homologous series
lie between Ln, O, and LnO, for the latter, consisting of varia-
tions in the ordering of the oxygens 1n the FCC cation sub-
lattice. These phases readily transform topotactically from
one homologous series member to another. The retention of
crystalline integrity with changing oxidation states indicates
the suitability of these phases for the topotactic conversion
method.

To maximize the quality of film epitaxy, for both the LnO

=

and for any epitaxial film which will be deposited on the LnO,
template layer, it 1s necessary to select a LnX,, composition
that has a suitable lattice match with the substrate (and for
LnO_ to the templated film). The lattice parameter of a large
number of LnX  are shown in FIG. 15, along with the lattice
parameter of some common substrates used for epitaxial
deposition, for comparison. Each data point indicates a spe-
cific lanthanon and a specific anion for an LnX (e.g., the

filled diamond at the bottom left represents YbN, with
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a,—4.81 A). All of these phases have crystalline structures
based on an FCC cation sublattice, although a few of them
take hexagonal form at elevated temperatures, which epi-
taxial strain can stabilize the C-type form. Many LnO_ have
been reported and later shown to be nitrogen-stabilized rock-
salt-structured Ln(N,O), or occasionally hydrogen, carbon, or
sulfur stabilized. These are not included 1n the plot due to
uncertainties in reported values available 1n the literature, but
they are certainly viable candidates for the method. An infi-
nite variety of compositions exists by cation substitution,
cation doping, cation alloying, anion substitution, anion dop-
ing, anion alloying, and partial or excess anion site filling,
such that it 1s not possible to enumerate all of the possibilities.

Once several compositions are selected for potential use
with a particular substrate-film system, 1t 1s useful to further
consider the magnitude of the change 1n lattice parameter
upon conversion to oxide. In general, the greater the change in
lattice parameter from LnX , to LnO_, the greater will be the
mosaic spread introduced into the film texture upon conver-
sion. Additionally, for more severe lattice dimension changes,
defects such as cracks, domain boundaries, trapped vacan-
cies, or even spallation of the film can occur. Thus, 1t 1s most
reasonable to select a system having the smallest possible
change in lattice parameter upon conversion, while taking
into consideration all other potential factors as well such as
chemical compatibility, electrical behavior, etc. To aid in
selection, the absolute change in the lattice parameter (A) of
the pseudocubic subcell for a large number of LnX  are shown
in FIG. 16. An average value for the pseudocubic lattice
parameter 1s used for those phases with slightly differing
parameters for the pseudocubic a, b, and ¢ axes, such as those
with a slight tetragonal distortion. Depending upon the lattice
dimension of the substrate, these films may have domain
structures and therefore the actual change 1n lattice parameter
may vary slightly, on the order of a few tenths of a percent,
variation which 1n any case 1s to be expected for processes
involving different deposition conditions, film qualities, etc.
The anion stoichiometry can be adjusted so that the change 1n
lattice parameter 1s zero, for example by an appropriate mix-
ture of N and F, N and S, or perhaps N, F, and S together, with
or without the addition of oxygen, as may be allowed for a
given chemical system.

It 1s further useful to consider the relative change in the
lattice parameter of the pseudocubic subcell with conversion.
This data 1s shown 1n FIG. 17. A smaller change 1s preferred,
but this will not always be possible. A general rule of thumb
1s to keep this misfit below 5% to minimize the introduction of
defects.

The process 1s also applicable for biaxially textured, fiber
textured, and polycrystalline films.

2. Strain Affects Lattice Parameter

Bulk and single crystals of lanthanide oxides undergo
polymorphic transformations, and frequently shatter on cool-
ing from very high temperatures, particularly for displacive
transformations. Such problems are mitigated or absent in
epitaxial films, which are very thin in one dimension, and are
clamped at the film/substrate intertace.

3. Epitaxial Stabilization and Topotactic Stabilization

The power of topotactic stabilization likely exceeds that of
epitaxial stabilization. In epitaxial stabilization, tensile or
compressive strain energy tips the energy balance to stabilize
one phase in preference to another, when thermochemical
conditions for an unstrained material would otherwise favor
only one.

The lattice constraint of epitaxy allows a fine degree of
control over the energetics of phase formation, because 1t
allows the control of strain energy, which 1s not a possible
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mode of control 1n bulk systems. This can allow the formation
of materials impossible to synthesize by conventional means.
Because material undergoing a topotactic reaction 1s con-
strained 1n three dimensions, not the two dimensions of a
surface, cases exist wherein a greater strain can be tolerated
betfore strain reliel mechanisms begin to act. Moreover, the
reduced dimensionality of the thin film form can reduce the
build-up of three-dimensional strain which causes mosaic or
disintegration of three-dimensional single crystals.

For example, the topotactic dehydration of MO,.14H,O,
M=W or Mo, yields hexagonal MO,, which cannot be formed
by conventional methods. The transformation 1s topotactic
and transformational, progressing by oriented nucleation and
growth to yield a product with an orientation relationship of

(OO 1 )p arenr‘ ‘(001 )p rodiuct Ellld [ 1 OO]parenr‘ ‘[ 1 OO] Dehydra-

product*

tion of MoO;.¥3H,0 yields a metastable monoclinic MoQO,
with a distorted ReO, structure. This transtorms irreversibly
at ~370° C. to the stable orthorhombic form.

4. Thermal Expansion

In choosing a film to obtain optimal lattice match, it 1s
important to consider the coetlicient of thermal expansion of
the substrate, and of the precursor and product films. Rare
carth sesquioxides have thermal expansion coellicients rang-
ing from 8.3 to 10.8 ppm/° C., over approximately room
temperature to 800° C. Because this parameter does not vary
much between systems, it 1s considered a minor consider-
ation.

H. Cation Selection

Lanthanides having similar valence behave similarly.
These are shown 1n Table 111. LnO_ with multiple valence are
considered most amenable to topotactic anion exchange. On
the other hand, LnO_ with only a single valence, three, will be
the least likely to have high concentrations of electronically
active defects, but these can be pacified to some extent by
hydrogen anneal, after complete conversion.

TABLE 111

Observed valence states of lanthanide elements.

Valence States

Lanthanide 2,3 3 3,4 4
SC SC

Y Y

YAy Zr
La La

Ce Ce

Pr Pr

Nd Nd

Pm Pm

SIT1 SIm

u Fu

(d (d

Th Th

Dy Dy

Ho Ho

br Er

Tm Tm

Yb Yb

Lu Lu

Hf Hf

I. Anion Selection

1. Lattice Sizes and Chemuistry

Smaller anions, Row II of the periodic table, are most
amenable to the method. Hydrogen has been observed to
stabilize many rocksalt LnX , through incorporation into the
tetrahedral sites. It 1s also possible to fill half of the tetrahedral
voids with transition elements such as N1 and Pt. These are
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sometimes referred to as filled-up rocksalt-type phases, and
are candidates for the topotactic anion exchange process.
Diffusion of amionic components would be expected to be
greatly slowed, with intermediate diffusivities on partial fill-
mng-up.

Ionic radius and charge must be considered 1n selecting
appropriate anions. Preferred anion constituencies are those
that most closely approximate both the charge and 1onic
radius of oxygen, as an average of the constituents. For
example, a 50:50 mixture of N°* and F~ is highly preferred, as
their charges average to -2 (that of oxygen), their average
ionic radius matches that of oxygen, and their individual 10ni1c
radn differ from that of oxygen by only 4%. Furthermore,
because lanthanide phases based on an FCC cation sublattice
(and also perovskites) can accommodate appreciable defi-
ciency or excess of anionic components, the ratio can
adjusted appreciably, and optimized experimentally. Another
highly preferred anion constituency 1s one containing sulfur.
The charge and 1onic radius closely match that of oxygen.
Sulfur’s covalent bonding characteristics do differ from those
of oxygen, so 1t cannot be substituted for oxygen without
regard to this difference, as anion-rich lanthanide oxysulfides
tend to have layered structures. Here, it 1s important to note
the power of topotactic stabilization and kinetic limitations,
such that a Ln-S metal-nonmetal compound may be success-
tully converted to a Ln-O metal-oxide compound and retain
its FCC cation sublattice, as the temperature for topotactic
anion exchange 1s far below that necessary for appreciable
cationic rearrangement. Also, the interface between the Ln-S
and Ln-O, where conversion 1s occurring, 1s constrained 1n
three dimensions, placing further energetic limitations on the
formation of phases which would be thermodynamaically pre-
ferred 1n an unconstrained state. It 1s expected that these
principles can be applied by one skilled 1n the art to determine
turther anion constituencies that will also approximate oxide,
such as combinations of N, F, and S.

An mfinite variety ol anion stoichiometries exists, such
that 1t 1s not possible to enumerate all possibilities. The non-
metal constituents of the metal-nonmetal film are preferably
chosen from the group consisting of: H, C, N, F, P, S, Cl, Se,
Br, Te, and combinations thereof. The nonmetal constituents
of the metal-nonmetal film are more preferably chosen from
the group consisting of: H, C, N, F, P, S, Cl, and combinations
thereol. The nonmetal constituents of the metal-nonmetal
f1lm are most preferably chosen from the group consisting of:
N, E, S, and combinations thereof.

2. Exchange Mechamisms (C-->CO)

It 1s important to consider the chemical species involved in
anion exchange for the various systems, very large vapor
species are prone to pore formation. For oxides, nitrides, and
fluorides, exchange 1s by 10nic diffusion to the surface and
evaporation of diatomic elemental species. This may also be
the case for phosphides, chlorides, selenides, and tellurides.
For anion exchanges involving sulfur, formation of SO, can
be suppressed orreversed by ammonia gas. For anion replace-
ment of carbon by oxygen, carbon 1s 1n some cases evolved as
CO, dependent upon oxygen activity.

3. Partial Oxides

Compositions mtermediate between LnX, and LnO, are
also candidate compositions for the precursor. A partial
oxide, Ln(O,X),, 1s deposited at a lower oxygen partial pres-
sure than the pure oxide, such that the substrate 1s not oxi-
dized, and 1s then topotactically converted to the full oxide.
For example, 11 Ln,O; cannot be deposited on a substrate
without substrate oxidation, it may be possible to deposit
Ln,(N,F,0),, where the N:F:O stoichiometries vary with
deposition conditions (gas background pressures), and which
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would require a lower oxygen partial pressure during growth,
perhaps low enough to avoid substrate oxidation. For a given
system, there will exist a maximum oxygen content (or depo-
sifion process p,,, H,/H,O ratio, etc.) at which substrate
surface oxidation will be prevented. Specific parameters must
be evaluated for each case. Likewise, post-deposition conver-
s1on to a full oxide 1s not always necessary, depending upon
the specifics of a particular application and system. In gen-
eral, oxygen content 1n precursor films 1s preferably 0 to 80%,
more preferably O to 50%, and most preferably 0 to 20%.

4. Multistep Processes

An 1mportant consideration for a topotactic anion
exchange process 1s that an anion stoichiometry exchange
pathway that must allow the integrity of the single crystal to
remain. For example, although directreduction of CeO, forto
CeQ, ., results 1n a reversible topotactic reaction, more
extensive reduction to CeQ),  (Ce,O;) results i disintegra-
tion of the single crystal, and the formation of a polycrystal-
line product. Ce,O, assumes the A-type form at the tempera-
tures of oxygen anion exchange used for that experiment, so
this 1s not an unexpected result. The same type of exchange
for a LnO_ which assumes the C-type or fluorite-type struc-
ture at the exchange temperature 1s considered more likely to
undergo the exchange successtully. Epitaxial constraint could
also play a role 1n stabilizing a form having an FCC cation
sublattice. Alternatively, 1t 1s possible that a pathway 1involv-
ing other amons would allow the FCC cation lattice to be
maintained through the entire transition. Perhaps nitrogen of
fluorine. There 1s a minimum concentration of various anions
required for maintenance of the rigid cation sublattice. These
can be determined from phase diagrams, and may be interpo-
lated from the phase diagrams for anion alloys that have not
been experimentally ivestigated.

I. Alloying

1. Cation

Wide itersolubility 1s observed for LnX,, solid solutions
of two or more differing Ln cations. This can be used to
advantage to tailor the lattice parameter for a given system. It
1s also usetul for controlling electronic and other properties of
the films. Those with more similar radi are more likely to
form continuous solid solutions across the range of compo-
sitions. An infinite variety of cation stoichiometries exists,
such that 1t 1s not possible to enumerate all possibilities. The
tollowing provides guidance 1n selecting an appropriate sto-
ichiometry.

a. Other Ln

Fluorite and bixbyite-structured oxides have wide solid
solution ranges, and correspondingly widely varying lattice
parameters and are topotactically compatible. Extensive solid
solubilities of LnO,-Ln',O, systems are observed to have
fluorite or C-type structures, and to display a widely variable
range of lattice parameters. The lattice parameter of solid
solutions of CeO, with several Ln',O, are shown 1n the art in
FIG. 18. These cover a range of 0.4 A, with some systems
covering a range of 0.2 A between CeQO, and Ln',O,. It is
important to note that, over almost the entire range, either
fluorite or C-type oxide 1s the observed phase, indicating
topotactic compatibility over this wide range. For systems
that have not been measured, the lattice parameter of mixed
oxides (A B,  O,)having the same structure can be predicted
using Vegard’s law, which predicts a linear relationship with
X. Similar trends are observed for LnX...

b. Other Metals

Other dopants, alloy components, and additives that might
be added to an oxide can be incorporated 1n the precursor
composition. For example, scandium can be added to ZrN, to
yield scandium-stabilized cubic zirconia, which has the high-
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est anion conductivity of all single dopant ZrO, systems. The
lattice parameter of three ZrO,-L.n,0O, cation alloy systems
are shown 1n the art in FIG. 19. Note that either fluorite,
C-type, or delta (fluorite-type) are observed over the entire
composition range, indicating complete topotactic compat-
1bility.

Numerous other ternary and higher lanthanide-containing
crystalline phases are known to have structures having an
FCC cation sublattice. These are also candidates for topotac-
tic anion exchange. As halide unit cells increase 1n size
through alloying, (Ca,Ln)F,, unit cell volumes increase lin-
carly, and also defect concentrations increase. Aliovalent cat-
ion dopants can also be used to alter electronic and atomic
mobilities.

Examples of other functionality that can be provided by
doping and alloying are as follows. Alloying can be used to
mimmize the deposition temperature required for a film,
especially 1n cases where a low-melting-temperature sub-
strate 1s used. Aliovalent doping can be used to alter the
clectrical conductivity of product films, and also to atiect the
anion mobilities 1 both precursor and product. This may be
done to decrease mobilities, as 1n the case of ultra-thin films,
or to 1increase mobilities, as 1n cases where the product phase
will be used as an electrode. Generally, cation alloying 1s
preferably 0 to 55%, more preferably 0 to 30%, and most
preferably 2 to 20%. Cation alloying with Group IVA metals
(11, Zr, and HY) 1s preferably 0 to 75%, more preferably 0 to
49%, and most preferably 0 to 25%.

Compatible phases are not limited to those described. The
method 1s extensible to include related structures. For
example, structural compatibility of alkaline earth elements
with lanthanide elements indicates that phases such as
BaZrN,, K, NiF,-type compounds, L1110, (close-packed
anions, rocksalt-type structure), and other related phases can
by synthesized from a LnX precursor. The incorporation of
other cations are also possible, as long as the integrity of the
FCC lanthanide cation sublattice 1s maintained. Manners 1n
which the FCC cation sublattice could be broken are, for
example, the insertion of an extra layer of alkaline earth 10ns
every third cation layer, or the replacement of some of the
lanthanide cations 1n their FCC sites by other cations, or the
replacement of every n layers of lanthanide cations with a
substituent cation, 1n the FCC cation sublattice.

The topotactic anion exchange process can be used for the
production of perovskite films, which are desirable for many
applications. Perovskites consist of two interpenetrating
cubic cation sublattices, resulting 1n a BCC cation lattice. A
perovskite precursor can be transiformed under the proper
thermal and oxidizing conditions to yield an epitaxial perovs-
kite film. In particular, because oxygen mobility 1n some
perovskites 1s limited, a metal-nonmetal perovskite (LnBX,
or other BCC-cation lattice) precursor can be partially con-
verted to a metal-oxide perovskite product, such that a lay-
ered structure of LnBO,/LnBX,/substrate results. This can
provide the benefit of having a conductive bottom electrode,
LnBX,, topotactic with an insulating top layer (LnBO,). Fur-
thermore, this effect can be exploited for systems where dii-
ferent cationic constituencies are desired 1n the LnBX, and
Ln'B'O; films, by depositing a Ln'B'O; film epitaxially on a
LnBX, film. The likely result would be a topotactic LnBO; 1n
between the epitaxial Ln'B'O, and the LnBX,.

Selection of anions for a BCC-cation-sublattice system 1s
more critical than for an FCC-cation-sublattice system,
because the cation sublattice 1s not close-packed, and 1s sta-
bilized 1n large part by the anions. BCC-based layered struc-
tures, such as the Ruddlesden-Popper phases, Ln, _ ,+B,
O can be synthesized by the same approach. The pre-
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terred anions will have both average charge and average 1onic
radius closely approximating that of oxygen, as described
above. The tolerance factor, t, 1s an eflective tool for predict-
ing compositions that can form a specific phase. For perovs-
kites of the formula ABX,, the tolerance factor equation 1s
R +R =1.414*t*(Rx+R5), there R 1s the 1onic radius for
12-coordinated A, 6-coordinated B, or 6-coordinated X, and
cubic perovskites are observed for values of t from 0.901t0 1.0.
For values of t less than 0.90, down to 0.72 or less, perovskites
having slight distortion from cubic are observed, either
orthorhombic or monoclinic. Table W lists the calculated
tolerance factors for 3-3 perovskites, where A 1s the Lnhaving
the greatest ionic radius, La (R ,=1.36 A) in 12-coordination,
for anionic components oxygen, 50:50 nitrogen-fluorine, and
sulfur. Table V lists the calculated tolerance factors for 3-3
perovskites, where A 1s the Ln having the least 1onic radius,
Lu (R,=1.03 A) in 12-coordination, for anionic components
oxygen, 50:50 nitrogen-fluorine, and sulfur. Table VI lists the
calculated tolerance factors for 4-2 perovskites where A 1s Ce
(R..=1.14 A) for anionic components oxygen, 50:50 nitro-
gen-fluorine, and sultur.

TABLE IV

Tolerance factors (t) for 3-3 LaBX; compositions,
where R, =1.36, X =0, (N, F), or S, and
R is the ionic radius of the cation in A.

B R, tO tN,F £S
Al 0.54 0.89 0.89 0.85
Co 0.58 0.87 0.87 0.84
Ni 0.58 0.87 0.87 0.84
Fe 0.60 0.86 0.86 0.83
Cr 0.62 0.85 0.85 0.83
Mn 0.62 0.83 0.83 0.83
Ga 0.62 0.85 0.85 0.83
\% 0.64 0.84 0.84 0.82
Ti 0.67 0.83 0.83 0.81
Rh 0.67 0.83 0.83 0.81
Ru 0.68 0.83 0.83 0.81
Ir 0.68 0.83 0.83 0.81
Mo 0.69 0.82 0.82 0.80
Nb 0.72 0.81 0.81 0.79
Sc 0.75 0.80 0.80 0.78
Pd 0.76 0.80 0.80 0.78
In 0.80 0.78 0.78 0.77
Lu 0.86 0.76 0.76 0.75
Yb 0.87 0.76 0.76 0.75
Tm 0.88 0.75 0.75 0.75
Tl 0.89 0.73 0.73 0.74
Er 0.89 0.75 0.75 0.74
Y 0.90 0.73 0.73 0.74
Ho 0.90 0.75 0.75 0.74

the existence of perovskite phases 1s predicted for thaving values in the range of at least 0.72
to 1.0. Note that LaAlO5, witha t = 1.01, 1s known to exist as a distorted perovskite.

TABLE V

Tolerance factors (t) for 3-3 LuBX; compositions,
where R;,, =1.03, X =0, (N, F), or S, and
R, is the ionic radius of the cation in A.

B R, tO tN, F tS
Al 0.54 1.01 1.01 0.95
Co 0.58 0.99 0.99 0.94
Ni 0.58 0.99 0.99 0.94
Fe 0.60 0.98 0.98 0.93
Cr 0.62 0.97 0.97 0.92
Mn 0.62 0.97 0.97 0.92
Ga 0.62 0.97 0.97 0.92
\% 0.64 0.96 0.96 0.91
Ti 0.67 0.94 0.94 0.90
Rh 0.67 0.94 0.94 0.90



US 8,163,403 B2

29
TABLE V-continued

Tolerance factors (t) for 3-3 LuBX; compositions,
where R; ,=1.03, X =0, (N, F), or S, and
R » is the ionic radius of the cation in A.

B R, tO tN, F £S
Ru 0.68 0.94 0.94 0.90
Ty 0.68 0.94 0.94 0.90
Mo 0.69 0.93 0.93 0.89
Nb 0.72 0.92 0.92 0.88
Sc 0.75 0.91 0.91 0.87
Pd 0.76 0.90 0.90 0.87
In 0.80 0.89 0.89 0.86
Lu 0.86 0.86 0.86 0.84
Yb 0.87 0.86 0.86 0.84
Tm 0.88 0.86 0.86 0.83
Tl 0.89 0.85 0.83 0.83
Er 0.89 0.85 0.85 0.83
Y 0.90 0.85 0.83 0.83
Ho 0.90 0.85 0.85 0.83

the existence of perovskite phases 1s predicted for thaving values in the range of at least 0.72

to 1.0.

TABLE VI

Tolerance factors (t) for 4-2 CeBX; compositions,
where R-.=1.14, X =0, (N, I), or S, and
R, is the ionic radius of the cation in A.

B R, t O tN, F tS
Fe 0.69 0.86 0.86 0.83
Ni 0.69 0.86 0.86 0.83
Co 0.70 0.86 0.86 0.83
Cu 0.73 0.84 0.84 0.82
Zn 0.74 0.84 0.84 0.82
Mn 0.75 0.84 0.84 0.81
Cr 0.77 0.83 0.83 0.81
\% 0.79 0.82 0.82 0.80
Pt 0.80 0.82 0.82 0.80
Pd 0.86 0.79 0.79 0.78
Cd 0.95 0.76 0.76 0.76
Hg 1.00 0.75 0.75 0.74
Pb 1.20 0.69 0.69 0.69

the existence of perovskite phases 1s predicted for t having values in the range of at least 0.72

to 1.0.

g. Substrate Components for Chemical Stability

It 1s important that the precursor 1s stable in contact with the
substrate, either kinetically, but preferably chemically. The
chemical compatibility of most candidate systems has not
been determined, so this must be done either experimentally
or through calculation. It 1s likely, however, that because the
cation sublattice 1s observed to be rigid, 1t will likely have low
reactivity.

The precursor composition can preferably have a cationic
component that 1s the same as the substrate. For example,
s1licon-containing phases for a film on silicon. Specifically,
silicon-containing oxynitrides such as CaFe,O,-type,
Scheelite, pseudowollastonite, and garnet have been pre-
dicted to exist. The addition of the substrate cationic compo-
nent to the precursor and product LnA/O_ film increases the
likelihood of interfacial thermodynamic stability. Oxygen has
been demonstrated to be at least partially replaced by nitrogen
in olivine-type and beta-K,SO, -type oxides.

2. Anion

Rocksalt-based and fluorite-based LnX,, and some rock-
salt-based 1rX, have very high intersolubility, so extensive
anion alloying 1s possible. For example, in a TrXy system, a
single solid solution Hi(C,N,O) phase exists for HIC+
HiIN~<=30% (combined). Above this, a two-phase mixture of
H1O and HI(N,C) 1s observed, but these two phases are topo-
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tactically compatible, such that they consist only regions with
differing anion ordering. An infinite variety of anion stoichi-
ometries exists, such that 1t 1s not possible to enumerate all
possibilities. The following gives guidance for the selection
ol appropriate anion stoichiometry for a given system.

The most important aspect of this 1s that the lattice param-
cter can be tailored to minimize the change 1n lattice dimen-
sion upon conversion to full oxide. Note that the relative
changes 1n lattice dimension are mostly for pure compounds.
For anion alloys, this can be reduced. For example, the nitro-
gen to fluorine ratio of nitrofluorides also can be tailored to
yield a nearly zero change 1n lattice dimension upon conver-
sion. Nitride fluorides can be regarded as pseudo-oxides,
because the charge of a fluoride and a mitride 1s equivalent to
two oxides, and all have similar 10nic radii. Many nitride-
oxide-tluorides have been found, all having very similar fluo-
rite-derived crystalline structures, and very similar cube-lat-
tice dimensions. Carbon can be further substituted for
nitrogen. Anion doping can also control amion mobilities in
the precursor. Nitrogen 1n ZrO,, creates oxygen vacancies.

3. Optimization

It 1s clear from the preceding that 1t 1s possible to tailor the
lattice parameter to an appreciable extent for both precursor
and product (oxide) phase. It 1s possible for one skilled in the
art and using this method to devise a good lattice fit to many
different substrates and films for both precursor and product,
climinating strain-related defects that may be introduced dur-
ing conversion 1f the change 1n lattice dimension 1s otherwise
large.

K. Conversion Process

The anionic diffusivities of compositions can typically be
found 1n the literature, as the result of computer simulation
studies of oxygen migration, or can be interpolated from
knowns or predicted based on empirical rule sets. In any case,
films resulting from a particular process will exhibit some
variation due to microstructural differences, and these must
be taken 1into account. For any given system, parameters must
be optimized.

The topotactic oxidation reaction for a given system must
take place within a certain temperature range in order to
maximize the crystalline quality of the product. If the tem-
perature 1s too low, pores or cracks may form, for example 1
the mobility of one anionic component 1s significantly larger
than that of the other. At excessively high temperatures, the
reaction may occur too quickly for a topotactic oxidation
front to be maintained. Or, excessive amounts of oxygen may
diffuse through the oxidized layer to react with the oxidation-
sensitive substrate. Additionally, there 1s a critical thickness
below which stress-induced mosaic 1s less likely to form.

Electrical resistivity 1s a good primary measure of the
appropriate temperature for transformation. In log o vs 1/T
plots, a break 1s observed around 550-600° C. for lanthanide
oxides. This 1s the region where 10nic conductivities begin to
contribute appreciably to the electrical conductivity. Anion
exchange takes place preferably between 0 and 1000° C.,
more preferably between 200 and 800° C., and most prefer-
ably between 300 and 600° C.

L. LnO_ Properties

1. Electrical

Lanthanide oxides are fairly electrically conductive. Thus,
they can serve as a bottom electrode 1n many devices It may
be necessary in other cases to treat the product films in an
oxygen ambient, and the consequences of high temperature
vacuum annealing on these materials 1s a process consider-
ation. At very low pressures, sesquioxides are n-type semi-
conductors, with o proportional to p,,,~'’®, determined from
the reaction: P> <--->150, (g)+[ [,+2 €.
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It 1s important to note the electrical conductivity of LnQO,
films 1n relation to the conditions for processing of functional
films. It 1s this final oxygen content that will determine the
resistivity of a template film, which may or may not be used
as a conductive bottom electrode. An example from the art of
the wide range of resistivities observed 1n a LnO_ film as a
function of oxygen content 1s shown 1n the art in FIG. 20 for
CeQ,. Hysteresis of the oxygen content and thus resistivity of
LnO_films must also be taken into account 1n relation to the
processing conditions for functional oxide films using said
LnO_ layers. Trapped charge 1s relaxed out at ~350° C., and
oxygen mobility begins to contribute appreciably to charge
transport at ~500° C.

Electrical conductivity in Ln O, . single crystals varies
greatly with n, over eight orders of magnitude. LnO_ phases
are mixed valence semiconductors, p-type from z=1.5-1.75,
and n-type from z=1.75-2. Conductivity 1s highest in LnO_
compositions nearest z=1.75, for both ordered and disordered
phases, which would have a roughly equal distribution of
Ln>* and Ln** ions and a maximum of electronic disorder.
p-type conductivity arises from oxygen excess, with a pro-
portional to p(};” >4=0-1 for Ln=Ho, Eu, and Y. The electrical
conductivity or LnO_shows a knee at 550-600° C. mnavs 1/T
plots, indicating a significant 1onic contribution to transport
above those temperatures. F1G. 20 shows a change in room-
temperature conductance of five orders of magnitude for a
CeQ, crystal reduced by heating in vacuum. Electrical trans-
port properties of an epitaxial LnO_ film are controlled
strongly by the processing conditions. It 1s expected that 1n
most cases, a separate oxygen anneal will not be required to
stabilize the properties of the LnO_ template film.

For visual indication, color may be a good indication of the
oxidation state of the product films. Stoichiometric lan-
thanide sesquioxides are light pastel 1n color, except for PrO,
and TbO,, which are black and red. Mixed valence interme-
diate oxides, and the higher oxides of Ce, Pr and Tb, are all
deep colors.

Precursor conductivity may also be important. LnH, are
metallic conductors (except EuH, and YbH, ). Better conduc-
tors than the metals by at least 2x each. Nitrides are known to
be good electrical conductors.

2. Thermodynamic Stability of LnO_

The lanthanide oxides are some of the most thermody-
namically stable oxide compounds known. Their free ener-
gies of formation are on the order of those of Al,O, and CaO,
as 1s known and shown 1n the art in FIG. 21. This implies that
it may be possible in many cases to grow lanthanide oxides or
reduced lanthanide oxides directly on elemental or other oxi-
dation-sensitive substrates, although this 1s always deter-
mined by the specifics of a given film deposition process. It 1s
also possible to grow an anion-alloyed oxide on a sensitive
substrate, which can later be topotactically transformed to the
tull oxide.

3. Magnetism

Most LnX  have a nonzero magnetic moment, which may
be an 1important factor 1n selecting an appropriate composi-
tion for a given application. It 1s likely that the preferred
clements for use 1n the creation of explicitly nonmagnetic
layers will be lanthanum and lutetium, and their alloys with
scandium, yttrium, zirconium, and hainium. This does not
exclude, however, the other lanthanides, as a template film
created by this technique may be so thin as to obviate the
consideration, or alternatively magnetism may not be a con-
cern 1n some cases of the use of such a template layer. It 1s
considered that only an ultra-thin film may be needed 1n order

5

10

15

20

25

30

35

40

45

50

55

60

65

32

to obtain the oxide templating functionality. In such cases,
adverse impact of the magnetic susceptibility of the template
layer are mitigated.

Magnetic moments don’t change appreciably on hydrid-
1zation, indicating that the 1 electrons don’t take part in bond-
ing with hydrogen. But, decreased magnetic ordering upon
hydridization indicates removal of conduction band elec-
trons. For example, all LnH, and L.nH, are magnetic, except
for La and Lu, and Yb, with low magnetic susceptibilities.

4. Orientation Control

The onentation of films during deposition 1s controlled via
the usual means for epitaxial deposition. Some additional
concerns exist. Orientation control of nitrides through depo-
sition conditions 1s possible, regardless of substrate orienta-
tion, due to surface energetics. LnO_are known to grow (110)
on (100) silicon, even though (100) would be a better lattice
fit. The topotactic anion exchange method may be an easy

route to (100) LnO_/(100)S1.

5. Electronic Defect Relaxation

CeO, crystals retain a high electrical conductivity and high
concentration of color centers after re-oxidation. But, on
heating to 350° C. or higher 1n air 1s required to relax the
trapped charge, reducing electrical conductivity and remov-
ing color centers. See FI1G. 20.

6. Atmospheric Stability

Reduced lanthanide oxides are very hygroscopic. For
example, CeO), ., exposed to air at room temperature reoxi-
dized to nearly CeQO, 1n a rapid exothermic reaction. The same
reaction 1n a high-humidity atmosphere results in disintegra-
tion of the crystal into powder perhaps due to the formation of
a hydroxide, or more likely because the stable form 1s A-type.
Thus, 1t 1s anticipated that the most reasonable implementa-
tions of the method will involve 1n situ anion exchange.

7. Tell-Signs

It 1s possible to detect whether a device has been manufac-
tured using the topotactic anion exchange method, versus a
modified direct oxide deposition technique. The major tell-
sign 1s that there will be some fraction of the original anionic
component remaining in the film. This will vary with the
exact cationic composition and lattice structure of a film 1n

question, but the value can be determined from the stoichi-
ometry of the cationic components, as determined experi-
mentally, considering the solubility limits for the particular
system. In some cases, the anionic remainder may vary, based
on the thermal and atmospheric history of a film. Even 1n the
case of thermal and atmospheric treatments designed to mask
the process by which a film was grown and converted, trace
amounts of the 1nitial anionic species will remain, and these
can be detected by a chemical probe technique having high
spatial resolution. Other microstructural tell-signs are also
lett behind after the conversion process, and a microstructural
examination of such a film, for example by transmission
clectron microscopy, specifically using a chemical analysis
technique such as electron energy dispersive spectroscopy,
will reveal these features.

The presence or absence of an FCC cation sublattice can be
detected by standard x-ray or electron diffraction techniques,
specifically, by the presence or absence of certain reflections.
Intensity 1s dominated by the cation sublattice. Lanthanides
have a much higher scattering cross-section than oxygen or
other nonmetal components, and diffracted intensity 1s modu-
lated more strongly by the lanthanide components than by the
lighter, nonmetal (anionic) components. In some cases, slight
lattice distortions will also modulate diffracted intensity, and

the effects can be separated, as diffraction physics are well
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understood. Additionally, the applicable crystal structures are
known, and others can be deduced or determined from dif-
fraction data.

M. General Method of Fabrication

Those skilled 1n the art of thin film deposition techniques
can duplicate the method by using the appropriate source
materials, and by controlling the timing of non-metallic spe-
cies bearing gas delivery. The general method of fabrication
differs from the usual methods of oxide thin film depositionin
the composition of source materials, and in the timing of
delivery of maternial containing the non-metallic components
of the film, and in the subsequent thermal treatment under
oxidative conditions to exchange the non-metallic species for
oxygen 1n the film. The usual methods of oxide film fabrica-
tion are chemical vapor deposition (CVD), pulsed laser depo-
sition (PLD), chemical solution deposition (CSD), molecular
beam epitaxy (MBE), sputtering, and so on.

Depending upon the specific film growth technique, an
overpressure of the appropriate vapor source bearing non-
metallic species will be required to stabilize the non-oxide or
low-oxide precursor material, which will vary according to
the deposition technique and deposition temperature. For
embodiments of this invention, an infinite variety of possible
precursor and product compositions exists, such that it 1s not
possible to enumerate all of the possibilities, but a given
system can be optimized by one skilled in the art. The lan-
thanide and other metals are delivered 1n the fashion usual for
cach given technique, and 1n ratios chosen to result 1n a film of
the desired stoichiometry. A wide range of process param-
cters 1s applicable for this variety of compositions. The non-
metallic components can be delivered together with the
metallic components from the same source or separate from
them, or in some cases both. Generally, thermodynamic con-
siderations and direct experimentation will be required to
determine the optimal process parameters, such as substrate
temperature for deposition, substrate temperature for topo-
tactic anion exchange, cation stoichiometry, non-metallic sto-
ichiometry, feed gas overpressures, i any, vacuum level for
various stages, time required for anion exchange, and the
process parameters specific to the techniques. The approxi-
mate process parameters for the deposition stage via each
grven deposition technique will be apparent to those skilled 1n
the art, and ample examples of deposition parameters for
oxide and non-oxide films are available 1n the literature.

A film deposition system typically consists of a vacuum
chamber, a heated substrate stage, and a vapor source. The
substrate 1s mounted on the heated stage. The air 1s evacuated
from the system to a vacuum level appropriate to the deposi-
tion method, which can range from ambient pressures for
CSD to about 1E-10 Torr for some MBE. The substrate stage
1s heated to the desired temperature, and sometimes some
type ol pre-deposition thermal and chemical treatment 1s
performed on the substrate, usually to remove surface impu-
rities. An appropriate background gas feed 1s begun prior to
deposition, 1f desired, 1n order to stabilize the desired product
film phase. This can consist of any of a number of gases, for
example oxygen, nitrogen, fluorine, or carbon monoxide. The
lanthanide and other metals, and 1n some cases also some
portion of the non-metallic components, are then delivered to
the target by an approprniate vaporization technique—ior
example by laser ablation of a solid target puck, by sputtering
of a solid target puck, by evaporation and delivery of a chemi-
cal vapor source, or by evaporation from elemental sources.
Once deposition has completed, the sources are terminated or
closed, and the substrate stage i1s cooled, typically with an
overpressure of gases that stabilizes the desired product
phase. In some methods, the substrate 1s quenched.
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Topotactic anion exchange occurs subsequent to film depo-
sition, preferably in the same chamber, but sample storage
between deposition and anion exchange 1s possible. The sub-
strate 1s heated to the desired temperature, preferably 1n an
ambient that maintains the stability of the precursor, but heat-
ing may also be 1n some other ambient, such as an oxidizing
one. Once the desired temperature 1s reached, feed gases of
appropriate ratios are introduced into the chamber, such that
topotactic anion exchange occurs to result in the desired oxide
film. In a preferred embodiment, the topotactic anion
exchange 1s performed immediately after deposition, once the
substrate 1s cooled to the desired exchange temperature. In yet
another preferred embodiment, the background gases are
changed smoothly over a period of time from those for which
the precursor 1s stable to ones for which the product oxide 1s
stable, such that the exchange takes place 1n a continuous,
rather than an abrupt, manner.

It 1s important to note that low oxides of lanthanides and
most lanthanide salts are susceptible to reaction with air and
water, so that for analysis of precursors, such as by x-ray
diffraction, must be performed after either applying a capping
layer, or under inert gas or vacuum. Such methods will be
tamiliar to those skilled in the art. For feed gases bearing the
non-metallic film components, overpressures spanning a very
wide array of pressures are possible, and will depend on the
chemistry of a given situation. In some cases, more active
gases than elemental gases may be required.

N. Possible Embodiments of the Invention

The mechanism of topotactic anion exchange 1s broadly
applicable 1n a wide variety of applications, and enables a
large number of new devices, consisting of layers of specific
composition and morphology. This invention entails typically
a single deposition of a layer that 1s chemically stable 1n
contact with the substrate at the time of barrier-layer deposi-
tion, and after a brief oxidation anneal, 1s stable in contact
with the epitaxial oxide film deposited thereon at the time of
its deposition. Individual crystalline grains of precursor mate-
rial converted to the product oxide retain their crystalline
texture and orientation. Thus, precursors of many different
crystalline textures can be used for the fabrication of devices.
A matrix of some possible device geometries 1s shown 1n FIG.
22. These are given by way of 1llustration of the invention, and
not by way of limitation thereof. The method of fabrication
and compositions of matter used here to fabricate such
devices are 1n all cases believed to be covered by this disclo-
sure, to the extent that fabrication utilizes anion exchange
topotaxy. Figure abbreviations are as follows: amorph—
amorphous, biax—biaxially textured, epr—epitaxial, fiber—
fiber textured, Ln—Ilanthanide or lanthanides, M—metal or
metals, polyx—polycrystalline, single xtal-—single crystal-
line, topo—topotactic, X—anion or anions, xtal—crystal-
line.

Note that for purposes of a substrate surface, an epitaxial
film 1s equivalent to a single crystal. All of the devices are
believed to be usetul as an oxide template and barrier layer for
subsequent deposition of oxides, and in some cases have
separate functionality themselves. Some 1tems are left blank
but this 1s not an indication of absence of particular embodi-
ments, rather, because the number of possible embodiments
and their utility 1s effectively infinite, no attempt to enumerate
every possibility 1s attempted, and specific functionality 1s
noted only for selected 1tems. Many embodiments, or the
functionality they provide, are applicable to many others, as
will be obvious to one skilled 1n the art. For example, (t.1)
would also be usetul with a single crystal surface, or in some
cases a polycrystalline surface. Many embodiments are also
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useiul on non-metal surfaces, for example as an oxygen bar-
rier on a previously-deposited but oxygen-permeable oxide
layer.

A description of some possible embodiments 1s listed
below. Note that the brief descriptions are given for only
selected embodiments, and are meant to indicate the general
useiulness of the method, and to describe some specific
device geometries.

(a) Partially converted epitaxial lanthanide oxide film on a
single crystal surface

(a.1) Ln,O,/Ln(N,O,F)/S1

(a.1.11) Eu,O4/Eu(N,O,F)/Si—epitaxial fit of precursor
and product for an oxide template layer on silicon.
Precursor can be used as an electrode

(a.1.11) Fu203/BEu0/S1—FEu203 as converted from
EuO
(b) Fully converted epitaxial lanthanide oxide film on a
single crystal surface
(b.1) Gd(O,F)/S1 for epitaxial fit for both precursor and
product

(b.2) Eu203/S1—as converted from EuO/S1
(b.3) Eu203/S1—as converted from Eu(N,O,F)/S1
(b.4) La203/S1—as a gate oxide, or epitaxial template
layer for deposition of functional oxides
(b.5) Ln203/S1—usetul for fabrication of Ln203 MEMS
devices, or for epitaxial template layer for oriented-
oxide MEMS devices
(b.6) Ln203/S1—ior fabrication of oxide membranes
(b.7) Ln203/S1—Arom Ln(N,P) to minimize change 1n lat-
tice parameter upon conversion
(b.8) Ln203/S1—Arom Ln(N,F) to minimize change 1n lat-
tice parameter upon conversion
(b.9) Ln203/S1—1rom Ln(C,N,O,F,P,S), as a component
in an all-oxide electronic device stack
(b.10) Ln203 (001)/S1 (001)—as a method to achieve
(001) Ln203 on (001) S1 without the need for employing,
a vicinal surface
(b.11) Ln203/51—as an epitaxial oxide template for depo-
sition of a ferroelectric material for an epitaxial ferro-
clectric capacitor structure.
(¢) Directly deposited epitaxial reduced lanthanide oxide-
salt film on a single crystal surface
(d) Partially converted biaxially textured lanthanide oxide
film on a biaxially textured surface
(d.1) CeO,/CeN/N1—good epitaxial fit for precursor and
surface, and for product oxide and YBCO for subsequent
deposition thereon
(d.2) CeO,/CeN/Cu—good epitaxial fit for precursor and
surface, and for product oxide and YBCO for subsequent
deposition thereon
(e) Fully converted biaxially textured lanthanide oxide film
on a biaxially textured surface
(e.1) CeO,/N1—irom CeN, good epitaxial fit for precursor
and surface, and for product oxide and YBCO for sub-
sequent deposition thereon
(e.2) CeO,/CeN/Cu—irom CeN, good epitaxial it for pre-
cursor and surface, and for product oxide and YBCO for
subsequent deposition thereon
(€.3) Lu,O,/Lon/N1 or Lu,O,/Lon/Cu—good epitaxial it
of product to substrate
(1) Directly deposited biaxially textured reduced lan-
thanide oxide-salt film on a biaxially textured surface
(g) Partially converted fiber-textured lanthanide oxide film
on a fiber textured surface
(h) Fully converted fiber-textured lanthanide oxide film on
a fiber textured surface
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(h.1) Lu,O,/Pt—1rom Lon, fiber textured platinum present
on the surface of a three-dimensional object, such as a
turbine blade, provides an epitaxial template and adhe-
sion layer to oriented thermal barriers, such as ZrO, or
layered perovskite-based materials having low thermal
conductivity, providing good epitaxial fit to ZrO, and
orientation control of layered oxide.

(h.2) Dy,O.,/Pt—trom DyC,, fiber textured platinum
present on the surface of a three-dimensional object,
such as a turbine blade, provides an epitaxial template
and adhesion layer to oriented thermal barriers, such as
/1O, or layered perovskite-based materials having low
thermal conductivity, providing good epitaxial fit to
710,

(1) Directly deposited fiber-textured reduced lanthanide

oxide-salt film on a fiber textured surface

(1) Partially converted oriented lanthanide oxide film on a

polycrystalline or amorphous (non-templating) surface

(1.1) Oriented precursor films of Ln(C,N,F,P,S), etc. can be
deposited by techniques such as 10n beam assisted depo-
sition (IBAD), or by controlling deposition parameters
such that the precursor adopts a certain orientation due
to process parameters, as 1s observed for some nitrides.
The product gains have the same orientation as the
grains of the precursor from which they are converted.

(k) Fully converted orniented lanthanide oxide film on a
polycrystalline or amorphous (non-templating) surface

(k.1) Oriented precursor films of Ln(C,N,F,P,S), etc. can be

deposited by techniques such as IBAD, or by controlling
deposition parameters such that the precursor adopts a
certain orientation due to process parameters, as 1S
observed for some mitrides. The product gains have the
same orientation as the grains of the precursor from
which they are converted.

(1) Directly deposited oriented reduced lanthanide oxide-
salt film on a polycrystalline or amorphous (non-templating)
surface

(1.1) Oriented precursor films of Ln(C,N,O,F,P,S), etc. can

be deposited by techmiques such as 1on beam assisted
deposition (IBAD), or by controlling deposition param-
cters such that the precursor adopts a certain orientation
due to process parameters, as 1s observed for some
nitrides. The product gains have the same orientation as
the grains of the precursor from which they are con-
verted.

(m) Partially converted polycrystalline lanthanide oxide
{1lm on a polycrystalline or amorphous (non-templating) sur-
face

(n) Partially converted polycrystalline lanthanide oxide
f1lm on a polycrystalline or amorphous (non-templating) sur-
face

(n.1) Ln,O; from, e.g., LnSe, as a fuel cell electrode. A

composition having a large change 1n lattice parameter
through conversion, to intentionally introduce porosity,
can increase the surface area and enhance the etficiency
of such a layer.

(0) Directly deposited polycrystalline reduced lanthanide
oxide-salt film on a polycrystalline or amorphous (non-tem-
plating) surface

(p) Partially converted epitaxial lanthanide-metal oxide
f1lm on a single crystal surface

(p- 1) ABO,/ABX, /S1—Perovskite precursor and product

as an epitaxial buller layer and oxygen barrier, cation
barrier, and potentially bottom electrode. Oxygen
vacancy diffusion 1n some perovskites has been demon-
strated to be very low. Only the surface must be oxidized,
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perhaps as little as a single monolayer, or several unit
cells. Some nitride perovskites are known.
(q) Fully converted epitaxial lanthanide-metal oxide film
on a single crystal surface
(q.1) (La,Y),0,/S1 as a nonmagnetic epitaxial oxide tem-
plate or as a surface for silicon-on-insulator silicon
deposition
(q.2) LnMnO,/S1—as an epitaxial multiferroic
(q.3) LnMn,O./S1—as an epitaxial multiferroic
(q.4) (Ln,W),0,/Si—to enable integration of epitaxial
phosphor materials and laser hosts with silicon and other
single crystal substrates
(q.5) (Ln,S1),05/S1—to enhance chemical stability of film
with substrate
(r) Directly deposited epitaxial reduced lanthanide-metal
oxide-salt film on a single crystal surface
(r.1) (La,Zr)(N,O/S1—useful as a bottom electrode and
epitaxial oxide template
(s) Partially converted biaxially textured lanthanide-metal
oxide film on a biaxially textured surface
(s.1) (La,Zr),O,/(La,Zr)N/N1—good epitaxial {it of prod-
uct to YBCO for subsequent deposition thereon.
(t) Fully converted biaxially textured lanthanide-metal
oxide film on a biaxially textured surface
(t.1) (Ce, Ca),0;/Ag—1irom (Ce, Ca),(C,N,O,EP.S) to
minimize temperature required for deposition, for sub-
strates with low melting temperatures
(t.2) (Ce,Y),0,/Ni—trom (Ce,Y),(C,N,O,F,P,S) to utilize
doping to suppress phase transitions 1n product phase,
stabilizing the cubic form
(u) Directly deposited biaxially textured reduced lan-
thanide-metal oxide-salt film on a biaxially textured surface
(v) Partially converted fiber-textured lanthanide-metal
oxide film on a fiber textured surface
(w) Fully converted fiber-textured lanthanide-metal oxide
film on a fiber textured surface
(x) Directly deposited fiber-textured reduced lanthanide-
metal oxide-salt film on a fiber textured surface
(v) Partially converted oriented lanthamde-metal oxide
film on a polycrystalline or amorphous (non-templating) sur-
face
(z) Fully converted oriented lanthanide-metal oxide film on
a polycrystalline or amorphous (non-templating) surface
(aa) Directly deposited oriented reduced lanthanide-metal
oxide-salt film on a polycrystalline or amorphous (non-tem-
plating) surface
(bb) or (ab) Partially converted polycrystalline lanthanide-
metal oxide film on a polycrystalline or amorphous (non-
templating) surface
(cc) or (ac) Partially converted polycrystalline lanthanide-
metal oxide film on a polycrystalline or amorphous (non-
templating) surface
(dd) or (ad) Directly deposited polycrystalline reduced
lanthanide-metal oxide-salt film on a polycrystalline or amor-
phous (non-templating) surface
Other embodiments not related to specific substrate orien-
tations are listed below:
(1) Backscatter reduction 1n electron beam lithography
(2) LnO, as an oxide surface for the deposition of epitaxial
films on silicon, especially for the purpose of allowing
smaller features to be patterned through the reduction 1n
backscattering of electrons used for electron beam
lithography. This 1s achieved through the use of an ultra-
thin oxide template film. The electron backscattering
cross-section of silicon 1s much lower than that of many
oxides that are used as single crystalline substrates for
the deposition of epitaxial oxide films. This benefit can
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also be realized 1n other cases, not described 1n detail
here, for which a biaxially textured, polycrystalline, or
even amorphous film 1s desired. The proximity effect of
clectron beam lithography using this technique 1s also
commensurately reduced. LnO, as an oxide surface can
be used 1n the reverse manner for metallic or other sub-
strates which have a high electron backscattering cross-
section. A thick LnO_ film of such a thickness that the
intensity of backscattered electrons 1s reduced over that
which would occur for bare metal, can be used to remove
limitations on resolution of backscattered electrons for
films on such substrates, including epitaxial, biaxially
textured, polycrystalline, and amorphous. The proxim-
ity effect of electron beam lithography using this tech-
nique 1s also commensurately reduced.

(3) A textured substrate for the deposition of an oxide

template, on which a layered complex oxide will grow
with 1ts long axis perpendicular to the surface at all
points on the surface of a complex three-dimensional
object. The most significant application for such an
oxide template film would be for use as a thermal pro-
tection barrier for turbine blades. The structure would
consist ol a complex three-dimensional object such as a
turbine blade as the substrate. On this substrate surface,
some combination of layers that would yield a fiber
textured layer on the surface would be deposited, for
example a bond-coat of Cr or MoCrAlY, with platinum
deposited over that. Annealing Pt under specific thermal
conditions reproducibly yields a Pt layer having (111)
surtface texture. Previous work has demonstrated that a
pseudocubic oxide, SrRuO;, canbe grownon (111) Ptto
adopt the texture of the Pt through local epitaxy, and that
a layered complex oxide will grow epitaxially on it.
Other methods of obtaining surface texture are possible.
This can be exploited 1n this example through the growth
of a LnX precursor, converting it to LnOz, and deposit-
ing an appropriate layered complex oxide having the
desired thermal and other properties. Namely, in the case
of thermal protection for turbine blades, 1t should be
stable at elevated temperatures and have an appropri-
ately low thermal conductivity. Layer order: Layered
complex oxide/fiber textured LnOz/fiber textured
Pt/bond coat/3D object. The layered complex oxide
need not necessarily be oriented with its layering axis
perpendicular to the substrate surface, although this
would provide the best thermal protection. Even a 45°-
ortented film would provide better thermal protection
than a polycrystalline protective film, both due to the
preferred orientation of the layers, and also due to the
climination of randomly oriented grain boundaries,
which are paths for diffusion and transport. The basis for
choice of layered complex oxides for thermal protection
1s based upon phonon scattering. Each layer 1in the lay-
ered complex oxide acts as a scatterer for phonons (lat-
tice vibrations), which are a prime carrier of heat. This
theory of thermal resistance was developed by Kapitza.
A second carrier of heat 1s electrons, and this should also
be taken into consideration in selecting an appropriate
layered complex oxide for thermal protection. Addition-
ally, 1t may 1n some cases be advantageous to fabricate a
structure that will conduct heat very well 1n the direction
perpendicular to a substrate surface, but not parallel to 1t,
for example 1n the case of heat sources near thermally
sensitive components. Another possible use of this tem-
plating technique would be to design a structure that
yielded a layered complex oxide film having 1ts layering
ax1s 1n the plane of the surface at all points of the surface
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of a complex three-dimensional object. An additional
benefit of this technique 1s that having a fine grain size of
platinum 1n the fiber-textured platinum film, and thus of
the template oxide film on it, 1s that this would serve to
limit the grain size of the layered complex oxide film
grown thereon. This can be an important functionality
because layered complex oxides tend to have highly
anisotropic growth rates, which can lead to roughness 1n
a 1ilm with the layering axis tilted away from the surface
normal.

(4) Ln203 can be present as the dielectric layer 1n a capaci-

tor, can function as an epitaxial oxide template layer for
deposition of a ferroelectric layer i an epitaxial stack
structure such as a capacitor.

(5) When a template surface 1s a cubic perovskite or other

structure presenting the same type of oxygen coordina-
tion on the surface, epitaxy 1s facilitated.

(6) It 1s well known that layered crystalline phases and

superlattices possess much lower thermal conductivity
than 1sotropic and homogenous phases. It 1s also known
that grain boundaries decrease thermal migration as
well. The mechanism for all of these phenomena 1s
called the Kapitza resistance, and 1s the result of scatter-
ing of phonons by internal interfaces. Superlattices and
layered phases have extremely high densities of inter-
faces, and thus lowered thermal conductivity. It 1s also
well known that a polycrystalline thin film of platinum
(and other noble metals) will adopt a preferred surface
plane orientation, and thus biaxial texture, after appro-
priate thermal treatment. It 1s also known that 1t 1s pos-
sible to use this biaxially textured platinum surface for
the deposition of a biaxially textured film, which adopts
its texture via local epitaxy with individual grains. Thus,
it 1s possible to deposit a LnX {ilm on a complex three-
dimensional object that has a specific crystalline surface
orientation at all points on the three-dimensional sur-
face. This can be used to deposit a layered phase or
superlattice material, on the object surface, that has the
same orientation with respect to the local surface tangent
at all points. The primary use for this device 1s 1n the
application of a thermal barrier coating on a device such
as a turbine blade. Layered phase are used for their low
thermal conductivity. This device would allow for the
preferred orientation of a layered phase, such as a
Ruddlesden-Popper phase, with a resultant dramatic
increase in thermal msulative performance. It may also
be possible to deposit a lanthanide oxide, transition
metal oxide, or other metal oxide film directly on a
textured platinum surface. The oxide film would prefer-
ably have a component of platinum or other noble metal,
for example La2Pt207. It may also be possible to
deposit the superlattice phase 1n the desired oriented
fashion directly on a textured platinum layer, although
an adhesion layer 1s likely to improve performance.

(7) Epitaxial, rocksalt-structured TrN (Tr=transition

metal) films have been investigated as barrier metals 1n
devices on silicon, particularly for ferroelectric capaci-
tors, due to their low electrical resistivity and low Schot-
tky barrier. In typical investigations of these barrier lay-
ers, efforts were made to avoid oxidation of the nitride
surface. Such layers could be present beneath the
devices described 1n the claims, to act as barriers.

(8) Tungsten-doped L.nO_ have uses as phosphors and as
laser hosts. Many lanthanide tungstates are known to
have fluonte-type structures, many with slightly dis-
torted symmetry, which could possibly be stabilized 1n a
cubic form by epitaxy. Even transformation to a non-
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cubic form could be acceptable, as 1t could result 1n for
example an oriented tetragonal structure with ¢ perpen-
dicular to the substrate surtace, or with a domain struc-
ture 1in-plane, such as mixed tetragonal a and c, or slight
monoclinic distortions. With either of these domain
structures would probably be effectively equivalent to a
cubic film, as the distortions are small and they are not
displacive, so that domain walls should not have trans-
port properties appreciably different than the domains.

While the specific embodiments have been illustrated and
described, numerous modifications can be made to the
present invention, as described, by those of ordinary skill in
the art without significantly departing from the spirit of the
invention. The breadth of protection afforded this mvention
should be considered to be limited only by the scope of the
accompanying claims.

What 1s claimed 1s:

1. A functional laminate structure comprising;:

an oxidizable substrate having a surface wherein the sur-

face 1s not oxidized; and

a crystalline layer comprising an oxide selected from the

group consisting of A(O,X), , doped substituents thereot,
anion-deficient versions thereof, and anion-excess ver-
stons thereof, wherein A 1s a metal, O 1s oxygen, X 1s a
nonmetal constituent comprising a nonmetal selected
from the group consisting of H, C, F, S, Cl, Se, Br, Te and
combinations thereol, v represents the stochiometry of
O and X relative to A, and the crystalline layer 1s on the
surface.

2. The structure of claim 1 wherein the surface 1s substan-
tially single crystalline.

3. The structure of claim 2 wherein A comprises a an
clement selected from the group consisting of Sc, Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm, Yb, Lu and combi-
nations thereof.

4. The structure of claim 3 wherein the crystalline layer 1s
epitaxial with the surface.

5. The structure of claim 4 wherein the surface 1s silicon.

6. The structure of claim 3 wherein A comprises Gd and X
comprises F.

7. The structure of claim 1 wherein X comprises fluorine.

8. The structure of claim 1 wherein X further comprises
nitrogen.

9. The structure of claim 1 wherein X comprises fluorine
and nitrogen.

10. The structure of claim 1 wherein X comprises sulfur.

11. The structure of claim 1 wherein X comprises two
nonmetals selected from the group consisting of N, F, S and
combinations thereof.

12. The structure of claim 1 wherein X comprises a non-
metal selected from the group consisting of F, S, and combi-
nations thereof.

13. The structure of claim 1 wherein the crystalline layer
has the structure of tluorite, bixbyite, pyrochlore, perovskite,
layered perovskite, or scheelite type crystals

14. The structure of claim 1 further comprising a metal-
oxide layer present on the crystalline layer.

15. The structure of claim 1 wherein the oxygen content in
the crystalline layer 1s less than 80%.

16. The structure of claim 1 wherein the oxygen content in
the crystalline layer 1s less than 50%.

17. The structure of claim 1 wherein the oxygen content in
the crystalline layer 1s less than 20%.

18. The structure of claim 1 wherein vy 1s selected from the
group of 0.33, 1, 1.5 and 2.

19. The structure of claim 1 wherein the substrate 1s biaxi-
ally textured.




US 8,163,403 B2

41

20. The structure of claim 19 wherein A comprises a lan-
thanide element selected from the group consisting of Sc, Y,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm, Yb, Lu and
combinations thereof.

21. The structure of claim 19 wherein the substrate 1s
nickel.

22.'The structure of claim 1 further comprising a functional
layer deposited on the crystalline layer.

23. The structure of claim 1 wherein the constituents of X
have an average anionic charge that approximates that of
oxygen.

24. A method of fabricating an epitaxial layer on an oxida-
tion-sensitive substrate comprising:

providing an oxidizable substrate having a surface;

heating the substrate; and

depositing a crystalline film on the surface via vapor depo-

sition comprising delivering to the substrate a gas bear-
ing a metal (A), oxygen (O) and a nonmetal (X), the
oxygen content of the gas being such that the substrate
does not oxidize at the temperature of deposition;
wherein the deposited crystalline film comprises an
oxide selected from the group consisting of A(O,X),,
doped substituents thereof, anion-deficient versions
thereolf, and anion-excess versions thercof, wherein y
represents the stochiometry of O and X relative to A and
X comprises a nonmetal selected from the group con-
sisting of H, C, F, S, Cl, Se, Br, Te and combinations
thereof.

25. The method of claim 24 wherein the delivering to the
substrate comprises delivering to the substrate the gas bearing
the metal, the metal selected from the group of lanthanide
clements consisting of Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu and combinations thereof.

26. The method of claim 25 wherein the providing an
ox1idizable substrate comprises providing the substrate such
that the corresponding lanthamide oxide cannot be directly
deposited on the surface without oxidizing the substrate.

277. The method of claim 24 wherein the delivering to the
substrate comprises delivering to the substrate the gas bearing
the nonmetal X, the nonmetal X selected from the group
consisting of F, S, and combinations thereof.

28. The method of claim 24 wherein the delivering to the
substrate comprises delivering to the substrate the gas, the gas
bearing the nonmetal X, the nonmetal X selected from the
group consisting of N, F, S, and combinations thereof.

29. The method of claim 24 wherein delivering to the
substrate comprises delivering to the substrate the gas, the gas
having a partial pressure of oxygen such that the substrate
does not oxidize.

30. The method of claim 24 wherein delivering to the
substrate comprises delivering to the substrate the gas, the gas
bearing hydrogen and water such that the ratio of hydrogen to
water 1n the gas 1s such that the substrate does not oxidize.

31. The method of claim 24 wherein the depositing a crys-
talline film comprises depositing the crystalline film epitaxial
to the surface.
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32. The method of claim 24 further comprising exchanging,
the majority of the nonmetal X for oxygen.

33. The method of claim 32 wherein the exchanging 1s
topotactic.

34. The method of claim 24 further comprising depositing
a Tunctional layer on the crystalline film.

35. The method of claim 24 wherein the providing an
oxidizable substrate comprises providing the oxidizable sub-
strate, the oxidizable substrate being biaxially-textured.

36. The structure of claim 1 wherein A comprises an ele-
ment selected from the group consisting of Sc, Y, La, Ce, Pr,
Nd, Sm, Fu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and combina-
tions thereof.

377. A functional laminate structure comprising:

an oxidizable substrate having a surface wherein the sur-

face 1s not oxidized; and

a crystalline layer comprising an oxide selected from the

group consisting ot A(O,X),, doped substituents thereot,
anion-deficient versions thereof, and anion-excess ver-
stons thereof, wherein A 1s a metal, O 1s oxygen, X 1s a
nonmetal constituent, y represents the stochiometry o1 O
and X relative to A, the crystalline layer 1s on the surface,
and the constituents of X have an average anionic charge
that approximates that of oxygen.

38. The structure of claim 37 wherein the surface 1s sub-
stantially single crystalline.

39. The structure of claim 38 wherein A comprises an
clement selected from the group consisting of Sc, Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and combi-
nations thereof.

40. The structure of claim 39 wherein the crystalline layer
1s epitaxial with the surface.

41. The structure of claim 40 wherein the surface 1s silicon.

42. The structure of claim 38 wherein X comprises a non-
metal selected from the group consisting of H, C, N, F, P, S,
Cl, Se, Br, Te and combinations thereof.

43. A method of fabricating an epitaxial layer on an oxida-
tion-sensitive substrate comprising:

providing an oxidizable substrate having a surface;

heating the substrate; and
depositing a crystalline film on the surface via vapor deposi-
tion comprising delivering to the substrate a gas bearing a
metal (A), oxygen (O) and a nonmetal (X), the oxygen con-
tent of the gas being such that the substrate does not oxidize
at the temperature of deposition; wherein the deposited crys-
talline film comprises an oxide selected from the group con-
sisting of A(O,X),, doped substituents thereot, anion-defi-
cient versions thereof, and anion-excess versions thereof,
wherein y represents the stochiometry of O and X relative to
A and the constituents of X have an average anionic charge
that approximates that of oxygen.

44 . The method of claim 43 further comprising exchanging
the majority of the nonmetal X for oxygen.

45. The method of claim 44 wherein the exchanging 1s
topotactic.
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